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Introduction 

Osteoporosis  is  a  bone  disease  that  affects  a  large  numbers  of  both  men  and  women  including  many  of 
our  service  women  and  men  now  in  the  Armed  Forces  and  VA  patients  in  the  United  States.  It  causes  a 
significant  amount  of  morbidity  and  mortality  in  patients  and  is  often  diagnosed  after  a  fracture  occurs. 
Reducing  the  risk  of  osteoporotic  and  associated  fractures  of  these  patients  will  greatly  improve  their 
life  quality  and  survival.  Parathyroid  hormone  (PTH)  is  the  most  potent  anabolic  treatment  of 
osteoporosis  currently  available.  It  not  only  dramatically  improves  bone  mass,  but  also  restores  bone 
microarchitecture  and  increases  bone  diameter.  All  of  these  mechanisms  contribute  to  increasing  bone 
strength  and  reducing  the  risk  for  fractures.  However,  the  molecular  mechanism  whereby  PTH 
increases  bone  formation  remains  largely  unknown.  Our  central  hypotheses  in  this  study  are:  1)  PTH 
activates  ATF4  by  promoting  its  phosphorylation  and  protein-protein  interactions  with  Runx2;  and  2) 
ATF4  mediates  the  anabolic  actions  of  PTH  on  bone.  The  long-tern  goal  of  this  study  has  been  to 
elucidate  the  molecular  mechanisms  underlying  the  anabolic  actions  of  PTH  on  bone.  Two  Specific 
Aims  have  been  proposed  to  determine  the  functional  relationships  between  ATF4  and  PTH  actions  on 
bone:  1)  determine  the  mechanism  whereby  PTH  regulates  ATF4  transcriptional  activity;  2)  establish 
whether  the  anabolic  actions  of  PTH  require  ATF4  in  vivo.  Studies  determine  if  ATF4  is  required  for 
the  anabolic  actions  of  PTH  in  vivo  using  ATF4-deficient  mice.  PTH  anabolic  activity  is  evaluated  in 
wild  type  and  Atf4 _/~  mice.  PTH  effects  are  measured  using  standard  biochemical  and 
histomorphometric  criteria. 


Body 

Task  7:  To  determine  the  mechanism  by  which  PTH  regulates  ATF4  and  Runx2  transcriptional  activity 
(lz36^  months ).  In  order  to  determine  the  role  of  ATF4  in  PTH  actions  in  osteoblasts,  we  examined 
effects  of  PTH  on  ATF4  expression  and  activity  as  well  as  the  requirement  for  ATF4  in  the  regulation 
of  Ocn  by  PTH  (see  PI).  PTH  elevated  levels  of  ATF4  mRNA  and  protein  in  a  dose  and  time- 
dependent  manner  (PI -Fig.  1A-C).  This  PTH  regulation  requires  transcriptional  activity,  but  not  de 
novo  protein  synthesis  (Pi-Fig.  2A  and  B).  PTH  also  increased  binding  of  nuclear  extracts  to  OSE1 
DNA  (PI -Fig.  4A-C).  PTH  stimulated  ATF4-dependent  transcriptional  activity  mainly  through  PKA 
with  a  lesser  requirement  for  PKC  and  MAPK/ERK  pathways  (PI -Fig.  5A-C).  PTH  stimulation  of  Ocn 
expression  was  lost  by  siRNA  downregulation  of  ATF4  in  MC-4  cells  (PI -Fig.  6A  and  C)  and  in  Atf4v' 
bone  marrow  stromal  cells  (BMSCs)  (PI -Fig.  1C).  Collectively,  these  studies  for  the  first  time 
demonstrate  that  PTH  increases  ATF4  expression  and  activity  and  that  ATF4  is  required  for  PTH 
induction  of  Ocn  expression  in  osteoblasts.  Thus,  ATF4  is  a  novel  downstream  target  of  PTH  actions  in 
osteoblasts.  We  defined  a  novel  molecular  mechanism  mediating  ATF4-Runx2  interactions  (see  P2). 
We  identified  general  transcription  factor  IIAy  (TFIIAy)  as  a  Runx2-interacting  factor  in  a  yeast  two- 
hybrid  screen.  Immunoprecipitation  assays  confirmed  that  TFIIAy  interacted  with  Runx2  in  osteoblasts 
and  when  coexpressed  in  COS-7  cell  or  using  purified  GST-fusion  proteins  (P2-Fig.  1A-C).  Chromatin 
immunoprecipitation  (ChIP)  assay  of  MC3T3-E1  (clone  MC-4)  preosteoblast  cells  showed  that  in  intact 
cells  TFIIAy  was  recruited  to  the  region  of  the  osteocalcin  promoter  previously  shown  to  bind  Runx2 
and  ATF4  (P2-Fig.  2).  A  small  region  of  Runx2  (aa  258-286)  was  found  to  be  required  for  TFIIAy 
binding  (P2-Fig.  ID).  While  TFIIAy  interacted  with  Runx2,  it  did  not  activate  Runx2  (P2-Fig.  3 A  and 
B).  Instead,  TFIIAy  bound  to  and  activates  ATF4  (P2-Fig.  3C-H).  Further,  TFIIAy  together  with  ATF4 


4 


and  Runx2  stimulated  osteocalcin  promoter  activity  (P2-Fig.  5B)  and  endogenous  mRNA  expression 
(P2-Fig.  5A).  siRNA  silencing  of  TFIIAy  markedly  reduced  levels  of  endogenous  ATF4  protein  and 
Ocn  mRNA  in  osteoblastic  cells  (P2-Fig.  6).  Overexpression  of  TFIIAy  increased  levels  of  ATF4 
protein  (P2-Fig.  7).  TFIIAy  significantly  prevented  ATF4  degradation  (P2-Fig.  8).  Thus,  TFIIAy 
functions  as  a  bridging  protein  linking  ATF4  and  Runx2.  Current  study  in  the  project  laboratory  is 
determining  if  PTH  regulates  the  expression  of  TFIIAy  in  osteoblasts. 


In  addition,  expression  vectors  harboring  mutations  of  potential  phosphorylation  sites  within  ATF4 
molecule  have  been  successfully  generated.  The  effects  of  these  mutations  on  ATF4  transcriptional 
activity  and  its  ability  to  activate  Runx2  as  well  as  on  PTH  response  are  being  determined  in  the  project 
laboratory. 
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Fig.  1.  ATF4  deficiency  severely  impairs  the  anabolic  effects  of  PTH  on  femurs.  A,  two-dimensional 
reconstruction  from  pCT  scan  of  distal  femurs  from  5-day-old  wt,  Atf4+/'  and  Atf4'/'  mice  with  and  without 
intermittent  PTH  for  28  d  are  shown.  B,  quantitative  analysis  of  effects  of  PTH  on  bone  volume/tissue  volume 
(BV/TV),  trabecular  number  (Tb.  N),  trabecular  thickness  (Tb.Th),  trabecular  space  (Tb.Sp),  and  cortical 
thickness  (Cort.  Th).  *P<0.05  (veh  vs.  PTH),  *P<0.05  (PTH/veh-wt  vs.  PTH/veh-Af/4  7). 

Task  2:  To  establish  whether  the  anabolic  actions  of  PTH  require  ATF4  < 6-48  months ).  In  vivo,  we 
examined  if  ATF4  is  required  for  the  anabolic  actions  of  PTH  on  bone  using  an  Atf4'A  mouse  model. 
Five-day-old  wt,  Atf4+/~,  and  Atf4~A  mice  were  given  daily  subcutaneous  injections  of  vehicle  (saline)  or 
hPTH(l-34)  (60  ng/g  body  weight)  for  28  days.  In  wt  mice,  pCT  analyses  of  femurs  show  PTH 
significantly  increased  BV/TV,  Tb.N,  and  Tb.Th  in  wt  femurs  by  4.4-fold,  1.7-fold,  and  50%, 
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respectively,  and  decreased  Tb.Sp  by  1.5-fold  (P<0.05,  veh  vs.  PTH).  In  contrast,  PTH  only  elevated 
BV/TV,  Tb.N,  and  Tb.Th  in  Atf4~A  mice  by  1.2-fold,  69%,  and  12.6%,  respectively,  and  decreased 
Tb.Sp  by  56%.  The  PTH  fold  stimulations  for  all  trabecular  parameters  were  significantly  decreased  in 
Atf4'A  mice  relative  to  wt  mice  (P<0.05,  PTH/veh-vvf  vs.  PTH/veh-At/^'XFig.  1).  PTH  increased 
Cort.Th  in  wt  femurs  by  70%  (P<0.05,  veh  vs.  PTH),  which  was  significantly  reduced  to  21%  in  Atf4'A 
mice  (P<0.05,  PTH/veh-vv?  vs.  PTH/veh-A)/¥'/')(Fig.  1).  PTH  similarly  affected  all  trabecular  and 
cortical  parameters  in  Atf4+/+  and  Atf4+/~  mice  (Fig.  1).  For  this  reason,  subsequent  experiments  only 
compared  the  PTH  effects  between  wt  and  Atf4 'A  mice.  Histological  analyses  show  that  PTH  displayed 
potent  anabolic  effects  on  tibiae,  vertebrae,  and  calvariae,  which  were  significantly  reduced  in  Atf4~,~ 
mice)  (Fig.  2).  At  the  molecular  level,  PTH  markedly  increased  levels  of  osteocalcin  ( Ocn )  and  bone 
sialoprotein  (Bsp)  mRNA  of  long  bones  as  measured  by  quantitative  real-time  RT/PCR  ).  This  increase 
was  significantly  reduced  in  the  absence  of  ATF4  (Fig.  3B  and  C).  In  contrast,  level  of  c-Fos  was  not 
altered  PTH  or  ATF4  deficiency.  Thus,  ATF4  is  required  for  the  PTH  anabolic  actions  in  bone. 


Fig.  2.  PTH-stimulated  bone  formation  in  tibiae,  vertebrae,  and  calvariae  is  significantly  diminished  in 
Atf4'A  mice.  Mice  were  treated  as  in  Fig.  1.  A-E,  tibiae;  F-J,  lumber  vertebrae;  K-O,  calvariae.  Representative 
H&E  stained  section  are  shown.  Data  represent  mean±S.D.  *P<0.05  (veh  vs.  PTH),  *P<0.05  (PTH/veh-wt  vs. 
PTH/veh-Af/47). 
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Fig.  3.  ATF4  deficiency  reduces  PTH-induced  osteoblast  differentiation  in  vivo.  Mice  were  treated  as  in  Fig.  1. 
Total  RNAs  were  isolated  from  tibiae  and  analyzed  by  quantitative  real-time  RT-PCR  using  specific  primers  for  Atf4, 
Ocn,  Bsp ,  and  c-Fos  mRNAs,  which  were  normalized  to  Gapdh  mRNA.  Data  are  presented  as  mean  ±  SD.  *P<0.05 
(veh  vs.  PTH),  *P<0.05  (PTH/veh-wt  vs.  PTH/veh -At/4'7'). 


Key  Research  Accomplishments 

•  ATF4  expression  vectors  that  contain  mutations  of  potential  phosphorylation  sites  within  ATF4 
molecule  have  been  constructed.  The  effects  of  these  mutations  on  ATF4  transcriptional  activity 
and  its  ability  to  activate  Runx2  as  well  as  the  PTH  response  are  being  determined  in  the  project 
laboratory. 

•  PTH  increases  ATF4  expression  and  activity  and  ATF4  is  required  for  PTH  induction  of  Ocn 
expression  in  osteoblasts.  Therefore,  ATF4  is  a  novel  downstream  target  of  PTH  signaling  in 
osteoblasts  (see  PI). 

•  TFIIAy  increases  osteoblast-specific  gene  expression  by  facilitating  ATF4-Runx2  interactions 
(see  P2). 

•  We  have  successfully  established  several  in  vivo  assays  for  osteoblast  activity  and  bone 
formation,  including  H&E  staining,  in  vivo  osteoblast  proliferation  assay  (BrdU  staining  of  bone 
tissue  sections),  in  vivo  bone  formation  assay  (calcein  labeling),  and  in  vivo  apoptosis  assay  of 
bone  tissues.  Using  these  assays,  our  preliminary  study  shows  that  ATF4  is  required  for  the 
anabolic  actions  of  PTH  on  bone  in  vivo  (see  Al). 


7 


Reportable  Outcomes 


Peer-reviewed  papers: 

PI.  Yu  S,  Franceschi  RT,  Luo  M,  Zhang  X,  Jiang  D,  Lai  Y,  Jiang  Y,  Zhang  J,  Xiao  G  (2008). 
Parathyroid  hormone  increases  activating  transcription  factor  4  expression  and  activity  in  osteoblasts: 
requirement  for  osteocalcin  gene  expression.  Endocrinology,  2008;  149(4):  1960-8. 

P2.  Yu  S,  Jiang  Y,  Galson  DL,  Luo  M,  Lai  Y,  Lu  Y,  Ouyang  HJ,  Zhang  J,  Xiao  G  (2008).  General 
transcription  factor  IIA-gamma  increases  osteoblast-specific  osteocalcin  gene  expression  via 
activating  transcription  factor  4  and  runt-related  transcription  factor  2.  J  Biol  Chem.  2008;  283(9): 
5542-53. 

Abstracts: 

Al.  Yu  S,  Luo  M,  Franceschi  RT,  Jiang  D,  Zhang  J,  Patrene  K,  Hankenson  KD,  Roodman  GD,  Xiao  G. 
ATF4  Is  Required  for  the  Anabolic  Actions  of  PTH  on  Bone  in  vivo.  J.  Bone  Min.  Res.,  22:1007  (2007 
ASBMR  Oral  Presentation). 

A2.  Yu  S,  Jiang  Y,  Luo  M,  Lu  Y,  Zhang  J,  Roodman  GD,  G.  Xiao  G.  TFIIA,  ATF4,  and  Runx2 
Synergistically  Activate  Osteoblast- specific  Osteocalcin  Gene  Expression  (2007- ASBMR  poster) 

Conclusion 

During  the  last  year  of  support,  our  studies  establish  that:  i)  PTH  increases  ATF4  expression  and 
activity  and  ATF4  is  required  for  PTH  induction  of  Ocn  expression  in  osteoblasts.  ATF4  is  a  novel 
downstream  target  of  PTH  signaling  in  osteoblasts;  ii)  ATF4  is  required  for  the  anabolic  actions  of  PTH 
on  bone  in  vivo;  iii)  TFIIAy  increases  osteoblast-specific  gene  expression  by  facilitating  ATF4-Runx2 
interactions;  and  iv)  ATF4  mutation  constructs  have  been  generated  and  several  in  vivo  bone  formation 
assays  have  been  successfully  developed. 

The  knowledge  obtained  from  these  studies  will  significantly  enhance  our  understanding  of  the 
molecular  mechanism  underlying  the  actions  of  PTH  in  osteoblasts  and  bone  and  define  new  potential 
therapeutic  targets  for  improved  treatment  of  osteoporosis  and  other  metabolic  bone  diseases. 
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Parathyroid  Hormone  Increases  Activating 
Transcription  Factor  4  Expression  and  Activity  in 
Osteoblasts:  Requirement  for  Osteocalcin  Gene 
Expression 

Shibing  Yu,  Renny  T.  Franceschi,  Min  Luo,  Xiaoyan  Zhang,  Di  Jiang,  Yumei  Lai,  Yu  Jiang,  Jian  Zhang, 
and  Guozhi  Xiao 
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Pennsylvania  15240;  and  Departments  of  Periodontics  and  Oral  Medicine  (R.T.F.,  D.J.),  School  of  Dentistry,  and 
Department  of  Biological  Chemistry  (R.T.F.),  School  of  Medicine,  University  of  Michigan,  Ann  Arbor,  Michigan  48109 


PTH  is  an  important  peptide  hormone  regulator  of  calcium 
homeostasis  and  osteoblast  function.  However,  its  mechanism 
of  action  in  osteoblasts  is  poorly  understood.  Our  previous 
study  demonstrated  that  PTH  activates  mouse  osteocalcin 
( Ocn )  gene  2  promoter  through  the  osteoblast-specific  ele¬ 
ment  1  site,  a  recently  identified  activating  transcription  fac¬ 
tor-4  (ATF4)  -binding  element.  In  the  present  study,  we  ex¬ 
amined  effects  of  PTH  on  ATF4  expression  and  activity  as  well 
as  the  requirement  for  ATF4  in  the  regulation  of  Ocn  by  PTH. 
Results  show  that  PTH  elevated  levels  of  ATF4  mRNA  and 
protein  in  a  dose-  and  time-dependent  manner.  This  PTH  reg¬ 
ulation  requires  transcriptional  activity  but  not  de  novo  pro- 


PTH  IS  A  MAJOR  regulator  of  osteoblast  activity  and 
skeletal  homeostasis.  PTH  has  both  catabolic  and  an¬ 
abolic  effects  on  osteoblasts  and  bone  that  depend  on  the 
temporal  pattern  of  administration;  continuous  administra¬ 
tion  decreases  bone  mass,  whereas  intermittent  administra¬ 
tion  increases  bone  mass  (1-3).  At  the  molecular  level,  PTH 
binds  to  the  PTH-1  receptor  (PTH1R),  a  G  protein-coupled 
receptor  that  is  expressed  in  osteoblasts  (4-6)  and  activates 
multiple  intracellular  signaling  pathways  that  involve 
cAMP,  inositol  phosphates,  intracellular  Ca2+,  protein  ki¬ 
nases  A  and  C  (7),  and  the  ERK/MAPK  pathway  (8,  9).  The 
ability  of  PTH  to  regulate  gene  expression  is  largely  depen¬ 
dent  on  activation  of  specific  transcription  factors  such  as 
cAMP  response  element  binding  protein  (CREB)  (10,  11), 
activator  protein-1  family  members  (12-15),  pituitary-spe¬ 
cific  transcription  factor-1  (16),  and  Runt-related  transcrip¬ 
tion  factor-2  (Runx2)  (12, 17).  A  better  understanding  of  the 
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tein  synthesis.  PTH  also  increased  binding  of  nuclear  extracts 
to  osteoblast-specific  element  1  DNA.  PTH  stimulated  ATF4- 
dependent  transcriptional  activity  mainly  through  protein 
kinase  A  with  a  lesser  requirement  for  protein  kinase  C  and 
MAPK/ERK  pathways.  Lastly,  PTH  stimulation  of  Ocn  expres¬ 
sion  was  lost  by  silent  interfering  RNA  down-regulation  of 
ATF4  in  MC-4  cells  and  Atf4~/~  bone  marrow  stromal  cells. 
Collectively,  these  studies  for  the  first  time  demonstrate  that 
PTH  increases  ATF4  expression  and  activity  and  that  ATF4  is 
required  for  PTH  induction  of  Ocn  expression  in  osteoblasts. 
( Endocrinology  93:  0000-0000,  2008) 


downstream  PTH  signaling  events  is  essential  to  understand 
the  mechanistic  basis  for  the  anabolic  and  catabolic  actions 
of  this  hormone  on  bone. 

The  osteocalcin  (Ocn)  promoter  has  been  the  major  para¬ 
digm  for  unraveling  the  mechanisms  mediating  osteoblast- 
specific  gene  expression  and  defining  a  number  of  transcrip¬ 
tion  factors  and  cofactors  (18-29).  Because  Ocn  gene  is 
regulated  by  PTH  (30-32),  we  considered  it  a  good  model  for 
identifying  new  transcriptional  mediators  of  PTH  action. 
Using  this  system,  we  recently  showed  that  the  osteoblast- 
specific  element  (OSE)-l  in  the  proximal  mouse  (Ocn)  gene 
2  (mOG2)  promoter  (19)  is  necessary  and  sufficient  for  PTH 
induction  of  this  gene  (33).  Immediately  after  publication  of 
this  study,  the  OSE1  was  identified  as  a  binding  site  for 
activating  transcription  factor-4  (ATF4)  (34). 

ATF4,  also  known  as  CREB2  (35)  and  tax-responsive  en¬ 
hancer  element  B67  (36),  is  a  member  of  the  ATF/CREB 
family  of  leucine-zipper  factors  that  also  includes  CREB, 
cAMP  response  element  modulator,  ATF1,  ATF2,  ATF3,  and 
ATF4  (37-41).  These  proteins  bind  to  DNA  via  their  basic 
region  and  dimerize  via  their  leucine  domain  to  form  a  large 
variety  of  homodimers  and/ or  heterodimers  that  allow  the 
cell  to  coordinate  signals  from  multiple  pathways  (37-41). 
An  in  vivo  role  for  ATF4  in  bone  development  was  estab¬ 
lished  using  Af/4-deficient  mice  (29).  ATF4  is  required  for 
expression  of  Ocn  and  bone  sialoprotein  as  demonstrated  by 
the  dramatic  reduction  of  their  mRNAs  in  Af/4_/_  bone  (29). 
ATF4  activates  Ocn  transcription  through  direct  binding  to 
the  OSE1  site  as  well  as  interactions  with  Runx2  through 
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cooperative  interactions  with  OSE1  and  OSE2  (also  known  as 
nuclear  matrix  protein  2  binding  site)  sites  in  the  promoter 
(19,  20,  25).  ATF4  activity  is  negatively  regulated  by  factor 
inhibiting  activating  transcription  factor-4-mediated  tran¬ 
scription  (42).  factor  inhibiting  activating  transcription  factor 
binds  to  ATF4  and  represses  its  activity  and  bone  formation 
in  vivo.  Although  Atf4  mRNA  is  ubiquitously  expressed, 
ATF4  protein  preferentially  accumulates  in  osteoblasts  (34). 
This  accumulation  is  explained  by  a  selective  reduction  of 
proteasomal  degradation  in  osteoblasts. 

The  purpose  of  this  study  was  to  determine  the  effects  of 
PTH  on  ATF4  expression  and  activity  and  evaluate  whether 
ATF4  mediates  PTH  induction  of  Ocn  expression  in 
osteoblasts. 

Materials  and  Methods 

Reagents 

Tissue  culture  media  and  fetal  bovine  serum  were  obtained  from 
HyClone  (Logan,  UT).  y-[32P]ATP  (3000  Ci/mmol)  and  n-[32P]dCTP 
(3000  Ci/mmol)  were  purchased  from  GE  Healthcare  (Piscataway,  NJ). 
Other  reagents  were  obtained  from  the  following  sources:  H89,  forskolin 
(FSK),  GF109203X,  phorbol  12-myristate  13-acetate  (PMA),  cyclohexi- 
mide  (CHX),  actinomycin  D  (ActD),  and  mouse  monoclonal  antibody 
against  /3-actin  from  Sigma  (St.  Louis,  MO);  U0126  from  Promega  (Mad¬ 
ison,  WI);  and  U0124  from  Calbiochem  (La  Jolla,  CA),  PTH  (1-34)  from 
Bachem  (Torrance,  CA),  antibodies  against  ATF4,  Runx2,  and  horse¬ 
radish  peroxidase-conjugated  mouse  or  goat  IgG  from  Santa  Cruz  (Santa 
Cruz,  CA).  All  other  chemicals  were  of  analytical  grade. 


Cell  cultures 

Mouse  MC3T3-E1  subclone  4  (MC-4)  cells  were  described  previously 
(43,  44)  and  maintained  in  ascorbic  acid-free  cc-MEM,  10%  fetal  bovine 
serum  (FBS),  and  1%  penicillin/ streptomycin  and  were  not  used  beyond 
passage  15.  Rat  osteoblast-like  UMR106-01  cells  (45)  were  maintained 
in  DMEM  and  10%  FBS.  Isolation  of  mouse  primary  bone  marrow 
stromal  cells  (BMSCs)  was  described  previously  (33).  Briefly,  6-wk-old 
male  C57BL/6  mice  were  killed  by  cervical  dislocation.  Tibiae  and 
femurs  were  isolated  and  the  epiphyses  were  cut.  Marrow  was  flushed 
with  DMEM  containing  20%  FBS,  1%  penicillin /streptomycin,  and 
10  8  m  dexamethasone  into  a  60-mm  dish,  and  the  cell  suspension  was 
aspirated  up  and  down  with  a  20-gauge  needle  to  break  clumps  of 
marrow.  The  cell  suspension  (marrow  from  two  mice/flask)  was  then 
cultured  in  a  T75  flask  in  the  same  medium.  After  10  d,  cells  reach 
confluency  and  are  ready  for  experiments. 

DNA  constructs  and  transfection 

Wild-type  and  mutant  p40SEl-luc  plasmids  were  described  previ¬ 
ously  (25, 33).  Cells  were  plated  on  35-mm  dishes  at  a  density  of  5  X  104 
cells/cm2.  After  24  h,  cells  were  transfected  with  lipofectAMINE  2000 
(Invitrogen,  Carlsbad,  CA)  according  to  the  manufacturer's  instructions. 
Each  transfection  contained  0.5  jug  of  the  indicated  plasmid  plus  0.05  jug 
of  pRL-SV40,  containing  a  cDNA  for  Renilla  reformis  lucif erase  to  con¬ 
trol  for  transfection  efficiency.  Cells  were  harvested  and  assayed  using 
the  dual  luciferase  assay  kit  (Promega)  on  a  Monolight  2010  luminom- 
eter  (BD  Biosciences,  San  Diego,  CA). 

Preparation  of  nuclear  extracts  and  gel  mobility  shift 
assay  (GMSA) 

Nuclear  extracts  were  prepared  and  GMSAs  were  conducted  as  pre¬ 
viously  described  (43).  Each  reaction  contained  1  pig  of  nuclear  extracts. 
The  DNA  sequences  of  OSE1  oligonucleotides  used  for  GMSA  were  as 
follows:  wild-type  (wt):  TGC  TTA  CAT  CAG  AG  A  GCA);  mutant  (mt): 
TGC  TTA  gta  CAG  AGA  GCA. 
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Twenty  micrograms  of  nuclear  extracts  were  fractionated  on  a  10% 
SDS-PAGE  gel  and  transferred  onto  nitrocellulose  membranes  (Schlei¬ 
cher  &  Schuell,  Keene,  NH).  The  membrane  was  blocked  in  5%  nonfat 
milk  in  Tris-buffered  saline/Tween  20  buffer;  probed  with  antibodies 
against  ATF4  (1:1000)  followed  by  incubation  with  secondary  antibodies 
conjugated  with  horseradish  peroxidase  (1:5000);  and  visualized  using 
an  enhanced  chemiluminescence  kit  (Pierce,  Rockford,  IL).  Finally,  blots 
were  stripped  two  times  in  buffer  containing  65  mM  Tris  Cl  (pH  6.8),  2% 
sodium  dodecyl  sulfate,  and  0.7%  (vol/vol)  j8-mercaptoethanol  at  65  C 
for  15  min  and  reprobed  with  /3-actin  antibody  (1:5000)  for 
normalization. 


Total  RNA  was  isolated  using  TRIzol  reagent  (Invitrogen  Life  Tech¬ 
nologies,  Gaithersburg,  MD)  according  to  the  manufacturer's  protocol. 
Reverse  transcription  was  performed  using  2  pig  of  denatured  RNA  and 
100  pmol  of  random  hexamers  (Applied  Biosystems,  Foster,  CA)  in  a 
total  volume  of  25  pil  containing  12.5  U  MultiScribe  reverse  transcriptase 
(Applied  Biosystems)  according  to  the  manufacturer's  instructions. 


Quantitative  real-time  PCR  was  performed  on  an  iCycler  (Bio-Rad, 
Minneapolis,  MN)  using  a  SYBR  Green  PCR  core  kit  (Applied  Biosys¬ 
tems)  and  cDNA  equivalent  to  10  ng  RNA  in  a  50-pil  reaction  according 
to  the  manufacturer's  instructions.  The  DNA  sequences  of  mouse  prim¬ 
ers  used  for  real-time  PCR  were:  Atf4, 5 '-GAG  CTT  CCT  GAA  CAG  CGA 
AGT  G-3'  (forward),  5'-TGG  CCA  CCT  CCA  GAT  AGT  CAT  C-3' 
(reverse);  Ocn,  5 '-TAG  TGA  ACA  GAC  TCC  GGC  GCT  A-3'  (forward), 

5'-TGT  AGG  CGG  TCT  TCA  AGC  CAT-3'  (reverse);  Pthlr,  5'-GAT  GCG 
GAC  GAT  GTC  TTT  ACC-3/  (forward),  5'-GGC  GGT  CAA  ATA  CCT 
CC-3'  (reverse);  Coll(I),  5'-AGA  TTG  AGA  ACA  TCC  GCA  GCC-3' 
(forward),  5'-TCC  AGT  ACT  CTC  CGC  TCT  TCC  A-3'  (reverse);  Opn, 
5'-CCA  ATG  AAA  GCC  ATG  ACC  ACA-3',  (forward),  5'-CGT  CAG 
ATT  CAT  CCG  AGT  CCA  C-3'  (reverse);  Gapdh,  5'-CAG  TGC  CAG  CCT 
CGT  CCC  GTA  GA-3'  (forward),  5'-CTG  CAA  ATG  GCA  GCC  CTG 
GTG  AC-3'  (reverse).  For  all  primers  the  amplification  was  performed 
as  follows:  initial  denaturation  at  95  C  for  10  min  followed  by  40  cycles 
of  95  C  for  15  sec  and  60  C  for  60  sec.  Melting  curve  analysis  was  used 
to  confirm  the  specificity  of  the  PCR  products.  Six  samples  were  run  for 
each  primer  set.  The  levels  of  mRNA  were  calculated  by  the  ACT  method  AQ:  D 
(46).  Atf4,  Ocn,  Coll(I),  Pthlr,  and  Opn  mRNAs  were  normalized  to  Gapdh 
mRNA. 


Twenty  micrograms  of  total  RNA  was  fractionated  on  1.0%  agarose- 
formaldehyde  gels  and  blotted  onto  nitrocellulose  paper.  The  mouse 
Atf4  cDNA  inserts  were  excised  from  plasmid  DNA  with  the  appropriate 
restriction  enzymes  and  purified  by  agarose  gel  electrophoresis  before 
labeling  with  n-[32P]dCTP  using  a  random  primer  kit  (Roche  Molecular 
Biochemicals,  Indianapolis,  IN).  Hybridizations  were  performed  as  pre-  AQ:  E 
viously  described  using  a  Bellco  Autoblot  hybridization  oven  (47).  Same 
blots  were  reprobed  with  [32P]-labeled  cDNA  to  18S  rRNA  for  loading 
(48). 

Small  interfering  RNA  (siRNA)-MC-4  cells,  which  contain  high  levels  AQ:  F 
of  Atf4  mRNA,  were  seeded  at  a  density  of  25,000  cells/ cm2.  After  24  h, 
cells  were  transfected  with  mouse  Atf4  siRNA  (sense:  5 '-GAG  CAU  UCC 
UUU  AGU  UUA  GUU-3';  antisense:  5'-CUA  AAC  UAA  AGG  AAU 
GCU  CUU-3')  (49)  or  negative  control  siRNA  (low  GC,  catalog  no. 
12935-200;  Invitrogen)  using  LipofectAMINE  2000  (Invitrogen).  After 
48  h,  cells  from  three  identically  treated  dishes  were  pooled  and  har¬ 
vested  for  total  RNA,  followed  by  quantitative  real-time  RT-PCR  anal¬ 
yses  for  Atf4,  Ocn,  and  Coll(I)  mRNAs.  A  second  set  of  mouse  Atf4 
siRNAs  was  purchased  from  Ambion  (Austin,  TX;  catalog  no.  AM16704, 

ID  160775  and  160776)  and  used  to  confirm  the  results  using  the  first  set 
of  Atf4  siRNA. 

At f 4- deficient  mice 

Breeding  pairs  of  mice  heterozygous  for  ATF4  (Swiss  Black  mouse 
background)  were  obtained  from  Dr.  Randal  J.  Kaufman  (the  Howard 
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TOWNES-3:  5'-ATA  TTG  CTG  AAG  AGC  TTG  GCGGC-3')  obtained 
from  the  laboratories  of  Dr.  Randal  J.  Kaufman.  A  700-bp  DNA  PCR 
product  was  amplified  from  Atf4~/  mouse  tail  DNA  and  a  900-bp 
product  from  wild-type  mice  (see  Fig.  7A).  The  genotype  of  each 
mouse  established  by  PCR  of  tail  genomic  DNA  was  confirmed  by 
Western  blotting  of  calvaria  cell  lysates  and  anti-ATF4  antibody.  A 
breeding  colony  was  established  using  heterozygote  mice  to  provide 
littermate  controls.  All  animal  studies  were  approved  by  the  Animal 
Care  Committee  of  the  Veterans  Affairs  Pittsburgh  Healthcare 
System. 
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Fig.  1.  PTH  increases  levels  of  ATF4  expression  in  osteoblasts.  A, 
Effect  of  PTH  on  Atf4  mRNA.  MC-4  cells  were  seeded  at  a  density  of 
50,000  cells/cm2  in  35-mm  dishes  and  cultured  in  10%  FBS  medium 
overnight.  Cells  were  then  treated  with  various  concentration  of  PTH 
for  6  h.  For  each  group,  total  RNA  (20  jag/lane)  was  loaded  for  North¬ 
ern  hybridization  using  cDNA  probes  for  mouse  Atf4  mRNA  and  18S 
rRNAs  (for  normalization).  B,  Effect  of  PTH  on  ATF4  proteins  (dose 
response).  MC-4  cells  were  treated  with  indicated  concentrations  of 
PTH  for  6  h  and  nuclear  extracts  were  prepared  for  Western  blot 
analysis  for  ATF4.  C,  Effect  of  PTH  on  ATF4  proteins  (time  course). 
MC-4  cells  were  treated  with  10-7  M  PTH  for  indicated  time  (h). 
Experiments  were  repeated  three  to  four  times,  and  qualitatively 
identical  results  were  obtained. 

Hughes  Medical  Institute  and  the  University  of  Michigan  School  of 
Medicine).  These  mice  were  originally  developed  by  Dr.  Tim  M.  Townes 
(University  of  Alabama  at  Birmingham)  and  were  used  to  generate  Atf4 
wild-type  ( Atf4+/  + ),  heterozygous  ( Atf4+/~ ),  and  homozygous  mutant 
{Atf4^/~)  embryos/pups  for  this  study.  Original  reports  describing  the 
phenotype  of  Atf4  homozygote-null  mutants  used  the  identical  strain  of 
mice  (50).  PCR  genotyping  was  performed  on  tail  DNA  using  a  cocktail 
of  three  primers  (TOWNES-1:  5'-AGC  AAA  ACA  AGA  CAG  CAG  CCA 
CTA-3';  TOWNES-2: 5'-GTT  TCT  ACA  GCT  TCC  TCC  ACT  CTT-3',  and 


Fig.  2.  Effects  of  CHX/ActD  treatment  on  PTH  induction  of  Atf4 
mRNA.  MC-4  cells  were  treated  with  vehicle  or  10  pig/ml  CHX  (A)  or 
ActD  (B)  in  the  absence  or  presence  of  PTH  for  6  h.  Atf4  and  Gapdh 
mRNAs  were  determined  by  quantitative  real-time  RT-PCR  analysis. 
Experiments  were  repeated  three  times,  and  qualitatively  identical 
results  were  obtained.  *,  P  <  0.05  [control  (ctrl)  us.  PTH];  #,  P  <  0.05 
(CHX  us.  CHX/PTH);  ?,  P  <  0.05  (control  us.  CHX). 
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Fig.  3.  PTH  increases  ATF4-dependent  transcriptional  activity  in 
MC-4  cells.  A,  Target  cell  specificity.  Cells  (MC-4,  UMR106-01,  and 
primary  BMSCs)  were  transiently  transfected  with  p40SEl-luc  and 
renilla  luciferase  normalization  plasmid  and  treated  with  10  7  M  PTH 
for  6  h  before  being  harvested  and  assayed  for  dual-luciferase  activity. 
Firefly  luciferase  activity  was  normalized  to  renilla  luciferase  activity 
(for  transfection  efficiency).  B,  Dose  dependence.  MC-4  cells  were 
transiently  transfected  as  in  Fig.  2A  and  treated  with  indicated  con¬ 
centration  of  PTH  (from  10“ 11  to  10“  7  m)  for  6  h  followed  by  dual- 
luciferase  assay.  C,  Time  course.  MC-4  cells  were  transiently  trans¬ 
fected  as  in  Fig.  2A  and  treated  with  10“ 7  M  PTH  for  indicated  times. 
Data  represent  mean  ±  sd.  Experiments  were  repeated  three  to  four 
times  and  qualitatively  identical  results  were  obtained.  *,  P  <  0.05 
[control  (ctrl)  us.  PTH]. 
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Fig.  4.  PTH  increases  binding  of  ATF4  to  OSE1  DNA.  A,  PTH  increases  binding  of  osteoblast  nuclear  extracts  (NE)  to  OSE1.  Nuclear  extracts 
were  prepared  from  MC-4  cells  with  (P)  (lanes  3-7)  or  without  (C)  (lane  2)  PTH  treatment  for  6  h.  One  microgram  of  each  nuclear  extract  was 
incubated  with  end-labeled  double-stranded  OSE1  (TGC  TTA  CAT  CAG  AGA  GCA)  and  analyzed  by  electrophoresis  on  4%  polyacrylamide  gels. 
DNA  binding  to  labeled  wild-type  OSE1  probe  was  analyzed  in  the  presence  of  25-  to  50-fold  molar  excesses  of  cold  wt  (lanes  6  and  7)  or  mt 
(lanes  4  and  5)  OSE1  (TGC  TTA  gta  CAG  AGA  GCA)  by  GMSA  using  1  pig  of  nuclear  extracts  from  PTH-treated  MC-4  cells.  B,  Binding  site 
specificity.  Labeled  wt  (lanes  1-3)  and  mt  (lanes  4-6)  OSE1  probes  were  incubated  with  1  pig  nuclear  extracts  from  MC-4  cells  with  and  without 
PTH  treatment.  C,  The  nuclear  complex  binding  OSE1  contains  ATF4.  Labeled  wild-type  OSE1  probe  was  incubated  with  1  pig  nuclear  extracts 
from  PTH-treated  MC-4  cells  in  the  presence  of  normal  control  IgG  (lane  3),  ATF4  antibody  (lane  4),  Runx2  antibody  (lane  5),  CREB  antibody 
(lane  6),  ATF1  antibody  (lane  7),  and  Fra-1  antibody  (lane  8).  Experiments  were  repeated  three  to  four  times,  and  qualitatively  identical  results 
were  obtained. 


Statistical  analysis 

Data  were  analyzed  with  GraphPad  Prism  software  (GraphPad,  San 
Diego,  CA).  A  one-way  ANOVA  analysis  was  used  followed  by  the 
Dunnett's  test  (see  Fig.  3,  B  and  C).  Student's' t  test  was  used  to  test  for 
differences  between  two  groups  of  data.  Differences  with  a  P  <  0.05  was 
considered  as  statistically  significant.  Results  were  expressed  as 
means  ±  sd. 

Results 

PTH  increases  ATF4  expression  in  MC-4  cells 

To  determine  the  effect  of  PTH  on  Atf4  mRNA  expression, 
MC-4  cells  were  treated  with  increasing  concentrations  of 
PTH  (from  10“ 13  to  10“ 7  m)  for  6  h,  and  total  RNA  was 
isolated  for  Northern  blot  analysis.  As  shown  in  Fig.  1  A,  PTH 
dose-dependently  increased  levels  of  Atf4  mRNAs  with  a 
significant  stimulatory  effect  first  detected  at  a  concentration 
of  10-10  M.  Western  blot  analyses  using  nuclear  extracts  from 
MC-4  cells  with  and  without  PTH  treatment  show  that  PTH 
also  dose-dependently  elevated  the  levels  of  ATF4  protein 
with  maximal  stimulation  at  10-10  m.  Measurable  stimula¬ 
tion  of  ATF4  protein  was  observed  1  h  after  PTH  addition 
with  maximal  induction  occurring  at  3  h  and  lasting  for  at 
least  5  h  (Fig.  1,  B  and  C).  PTH  similarly  increased  Atf4  and 
Ocn  mRNA  expression  in  mouse  primary  bone  marrow  stro¬ 
mal  cells  (BMSCs)  (see  Fig.  7,  B  and  C).  To  assess  the  mo¬ 
lecular  mechanisms  of  PTH  stimulation  of  Atf4  mRNA  ex¬ 
pression,  MC-4  cells  were  treated  with  and  without 
inhibitors  of  transcription  and  translation  in  the  presence  and 
absence  of  PTH  (10-7  m)  for  6  h.  As  shown  in  Fig.  2A,  the 
protein  synthesis  inhibitor  CHX  alone  induced  Atf4  mRNA 
by  4-fold,  which  is  typically  observed  in  immediate  early 
response  genes  such  as  Fra-2  (15).  The  PTH-stimulation  of 


Atf4  mRNA  was  not  blocked  by  CHX  treatment,  suggesting 
that  de  novo  protein  synthesis  is  not  necessary  for  the  PTH 
regulation.  In  contrast,  the  transcription  inhibitor  ActD  com¬ 
pletely  abolished  the  PTH-stimulated  Atf4  mRNA  induction 
(Fig.  2B),  suggesting  that  the  PTH  effect  requires  transcription. 

PTH  increases  ATF4- dependent  transcriptional  activity 
in  osteoblasts 

The  effect  of  PTH  on  ATF4-dependent  transcriptional  ac¬ 
tivity  was  evaluated  in  two  osteoblast  cell  lines  and  primary 
mouse  bone  marrow  stromal  cells.  Cells  were  transiently 
transfected  with  wt  or  mt  p40SEl-luc,  an  artificial  promoter 
containing  four  copies  of  wt  or  mt  OSE1  (a  specific  ATF4- 
binding  element)  fused  to  a  —34  to  +13  minimal  mOG2 
promoter,  and  pRL-SV40,  a  renilla  luciferase  normalization 
plasmid.  After  42  h,  cells  were  treated  with  PTH  (10-7  m)  for 
6  h  followed  by  dual-luciferase  assay.  Firefly  luciferase  ac¬ 
tivity  was  normalized  to  renilla  luciferase  activity  as  a  control 
for  transfection  efficiency.  As  shown  in  Fig.  3A,  PTH  stim-  F3 
ulated  ATF4-dependent  OSE1  activity  by  17-,  2.7-,  and  2.8- 
fold  in  MC-4,  UMR106-01,  and  primary  BMSCs  (P  <  0.05, 
control  vs.  PTH),  respectively.  This  PTH  response  was  com¬ 
pletely  lost  with  the  introduction  of  a  3-bp  point  mutation  in 
the  OSE1  core  sequence  (from  TTACATCA  to  TTAGTACA). 
(Note  that  there  are  no  additional  OSE1  sites  in  the  upstream 
region  of  the  mOG2  promoter.)  Figure  3B  shows  that  PTH 
stimulated  ATF4-dependent  transcriptional  activity  in  a 
dose-dependent  manner  with  a  significant  stimulatory  effect 
first  detected  at  a  concentration  of  10“ 10  m.  This  is  consistent 
with  our  previous  study  that  examined  effects  of  PTH  on 
endogenous  Ocn  mRNA  (33).  Time-course  studies  revealed 
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that  the  earliest  effect  of  PTH  stimulation  was  seen  within  1  h  Protein  kinase  A  (PKA)  is  the  major  signaling  pathway 

and  peaked  at  5-6  h  (Fig.  3C).  mediating  the  PTH  response 


PTH  increases  ATF4  binding  to  OSE1  DNA 

To  determine  whether  PTH  increases  ATF4  binding  to 
OSE1  DNA,  we  performed  GMSA  using  nuclear  extracts 
from  MC-4  cells  with  and  without  10“ 7  m  PTH  for  6  h. 
Consistent  with  our  previous  observation  (33),  nuclear  ex¬ 
tracts  from  PTH-treated  MC-4  cells  exhibited  increased  bind¬ 
ing  to  intact  OSE1  oligonucleotides  (Fig.  4 A,  lanes  2  and  3), 
and  this  binding  was  significantly  reduced  by  the  addition 
of  25-  and  50-fold  molar  excesses  of  unlabeled  wt  OSE1 
oligonucleotides  (Fig.  4A,  lanes  4  and  5)  but  not  by  unlabeled 
mt  OSE1  oligonucleotides  (Fig.  4A,  lane  6  and  7).  In  contrast, 
GMSA  using  labeled  mt  OSE1  oligonucleotides  as  probes 
showed  that  both  basal  and  PTH-induced  binding  activity 
was  abolished  by  the  same  3-bp  point  mutation  (Fig.  4B,  lanes 
4-6).  The  same  mutation  also  abolished  PTH  activation  of 
647-  and  116-bp  mOG2  promoter  fragments  and  40SE1  (33) 
(Fig.  3A).  Importantly,  PTH-increased  binding  to  OSE1  was 
supershifted  with  an  anti-ATF4  antibody  (Fig.  4C,  lanes  4). 
In  contrast,  normal  IgG  or  antibodies  against  Runx2,  CREB, 
ATF1,  and  Fra-1  did  not  significantly  supershift  the  PTH- 
stimulated  band  (Fig  4C,  lanes  3-8).  Taken  together,  these 
studies  demonstrate  that  ATF4  is  a  component  of-the  PTH- 
stimulated  DNA-protein  complex  associating  with  OSE1. 
[Note  that  PTH  treatment  did  not  alter  binding  of  Runx2  to 
OSE2  DNA  in  the  mOG2  promoter  in  GMSA  (33).] 


To  identify  signaling  pathways  mediating  PTH  activation 
of  ATF4  transcriptional  activity,  we  examined  the  effects  of 
various  inhibitors  or  activators.  As  shown  in  Fig.  5 A,  H89,  a 
selective  inhibitor  of  the  PKA  pathway,  completely  abolished 
PTH-stimulated  ATF4  transcriptional  activity  (P  >  0.05,  con¬ 
trol  vs.  PTH).  GF109203X,  a  specific  inhibitor  of  the  protein 
kinase  C  (PKC)  pathway,  significantly  decreased  the  PTH 
stimulation.  U0126,  a  specific  inhibitor  of  MAPK,  partially 
suppressed  PTH  stimulation.  As  shown  in  Fig.  5B,  FSK,  a 
well-known  activator  of  PKA,  increased  ATF4  activity  in  the 
absence  of  PTH  in  a  dose-dependent  manner.  In  combination 
with  PTH,  the  effect  of  FSK  was  not  additive,  indicating  that 
the  PKA  pathway  was  maximally  stimulated.  PMA,  a  PKC 
activator,  did  not  significantly  affect  the  PTH-induced  ATF4 
activity  at  a  concentration  range  of  0.1-5  ijlm.  A  higher  con¬ 
centration  of  PMA  (20  ijlm)  slightly  increased  PTH-stimu¬ 
lated  ATF4  activity  without  changing  the  basal  activity  (Fig. 
5C).  Taken  together,  these  results  indicate  that  PKA  is  the 
major  pathway  mediating  PTH  activation  of  ATF4  in  osteo¬ 
blasts  with  PKC  and  MAPK/ERK  pathways  playing  lesser 
roles  in  the  PTH  response.  The  concentrations  of  the  inhib¬ 
itors  or  activators  used  in  this  study  are  in  the  range  reported 
to  selectively  affect  the  relevant  pathways  (33,  51-53).  We 
found  no  evidence  of  toxicity;  compounds  did  not  reduce  cell 
DNA  or  protein  under  the  current  condition  (data  not 
shown). 


Fig.  5.  PKA  is  the  major  signaling 
pathway  mediating  the  PTH  response. 
A,  Effects  of  inhibitor  s/activators  on 
PTH-induced  ATF4  transcriptional  ac¬ 
tivity.  MC-4  cells  were  transiently 
transfected  with  p40SEl-luc  and  re- 
nilla  luciferase  normalization  plasmid. 
After  42  h,  cells  were  treated  with  10  pM 
inhibitors/activators  in  the  absence  or 
presence  of  10“ 7  M  PTH  for  6  h  followed 
by  dual-luciferase  assay.  Compounds 
used  were:  H89,  a  PKA  inhibitor;  FSK, 
a  PKA  activator;  GF109203X,  a  PKC 
inhibitor;  PMA,  a  PKC  activator; 
U0126,  a  MAPK  inhibitor;  and  U0124, 
an  inactive  analog  of  U0126.  B  and  C, 
Dose-response  of  FSK  (B)  and  PMA  (C) 
on  PTH  stimulation  of  ATF4  transcrip¬ 
tional  activity.  MC-4  cells  were  tran¬ 
siently  transfected  as  in  Fig.  5A  and 
treated  with  indicated  concentration  of 
respective  activator  for  6  h  in  the  ab¬ 
sence  and  presence  of  10  7  M  PTH  fol¬ 
lowed  by  dual-luciferase  assay.  Data 
represent  mean  ±  SD.  Experiments 
were  repeated  three  times  and  qualita¬ 
tively  identical  results  were  obtained.  *, 
P  <  0.05  [control  (ctrl)  vs.  PTH]. 
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PTH-dependent  induction  of  Ocn  gene  expression 
requires  ATF4 

We  used  two  separate  approaches  to  establish  the  require¬ 
ments  for  ATF4  in  the  regulation  of  Ocn  gene  expression  by 
PTH.  First,  we  examined  whether  ATF4  is  necessary  for  PTH 
induction  of  Ocn  mRNA  expression  in  osteoblasts  by  knock¬ 
ing  down  endogenous  Atf4  transcripts  using  siRNA.  MC-4 
cells,  which  express  high  levels  of  Atf4  mRNA,  were  tran¬ 
siently  transfected  with  ATF4  siRNA  or  negative  control 
siRNA  (Invitrogen)  using  LipofectAMINE  2000  according  to 
the  manufacturer's  instructions.  This  siRNA  specifically  tar¬ 
gets  mouse  Atf4  (49).  As  shown  in  Fig.  6 A,  quantitative 
real-time  RT-PCR  analysis  showed  that  ATF4  siRNA  (20  and 
40  nM)  efficiently  reduced  the  levels  of  Atf4  mRNA  by  57  and 
71%,  respectively.  In  contrast,  the  negative  control  siRNA  did 
not  reduce  the  Atf4  mRNA  (Fig.  6B).  As  shown  in  Fig.  6C,  the 
basal  level  of  Ocn  mRNA  was  reduced  greater  than  70%  by 
ATF4  siRNA  (P  <  0.05,  control  vs.  ATF4  siRNA).  Impor¬ 
tantly,  PTH-stimulated  Ocn  mRNA  was  completely  abol¬ 
ished  in  ATF4  siRNA  group  relative  to  the  control  siRNA 
group.  Conversely,  Coll(I)  mRNA  was  not  altered  by  ATF4 
siRNA  or  PTH  (Fig.  6D).  Similar  results  were  obtained  when 
a  different  set  of  ATF4  siRNAs  was  used  in  MC-4  cells  (data 
not  shown). 

To  further  establish  the  requirement  for  ATF4  in  the  PTH 
response,  primary  BMSCs  were  isolated  from  wt  and  Atf4~/_ 
mice  (Fig.  7A)  and  treated  with  or  without  PTH  (10  “ 7  m)  for 
6  h  followed  by  RNA  preparation  and  quantitative  real-time 
PCR  analysis.  As  shown  in  Fig.  7B,  minimal  Atf4  mRNA  was 
detected  by  real-time  RT/PCR  in  the  Atf4~/~  BMSCs.  Con¬ 
sistent  with  the  results  of  experiments  with  MC-4  cells,  PTH 


significantly  stimulated  Atf4  mRNA  in  wt  BMSCs  (P  <  0.05, 
control  vs.  PTH),  but  this  induction  was  completely  lost  in 
cells  from  Atf4~f~  mice  (Fig.  7B).  As  shown  in  Fig.  7C,  PTH 
significantly  increased  Ocn  mRNA  in  wt  BMSCs,  which  was 
abolished  in  Atf4~/~  BMSCs  (P  >  0.05,  control  vs.  PTH).  The 
basal  level  of  Ocn  mRNA  was  also  significantly  reduced  in 
Atf4~/~  BMSCs  relative  to  wt  cells  (P  <  0.05,  wt  vs.  mt).  In 
contrast,  PTH  did  not  increase  Opn  mRNA  in  wt  or  mt 
BMSCs  (P  >  0.05,  control  vs.  PTH)  (Fig.  7D).  However,  the 
level  of  Opn  mRNA  was  increased  in  Atf4~/~  cells  (P  <0.05, 
wt  vs.  mt),  indicating  that  ATF4  may  function  as  a  negative 
regulator  of  Opn  expression  (Fig.  7D).  In  addition,  the  levels 
of  Pthlr  mRNA  were  not  significantly  changed  by  either 
ATF4  deficiency  or  PTH,  suggesting  that  PTH  signaling  is 
intact  in  the  absence  of  ATF4  (Fig.  7E).  Taken  together,  these 
data  clearly  establish  that  ATF4  is  required  for  PTH  induc¬ 
tion  of  Ocn  mRNA  in  primary  BMSCs. 

Discussion 

This  study  examined  actions  of  PTH  on  ATF4  expression 
and  activity  in  osteoblasts.  Using  the  Ocn  gene  as  a  model 
system  for  studying  PTH-dependent  transcription,  we  found 
the  following:  1)  PTH  rapidly  induces  Atf4  expression  in 
MC-4  cells  and  mouse  primary  bone  marrow  stromal  cells  in 
a  time-  and  dose-dependent  manners;  2)  PTH  increases  in 
vitro  binding  of  ATF4  to  OSE1  DNA;  3)  PTH  dramatically 
activates  ATF4  transcriptional  activity  mainly  through  the 
PKA  pathway;  4)  PTH  stimulation  of  Ocn  gene  expression 
requires  ATF4  because  it  is  abolished  by  ATF4  siRNA  in 
MC-4  cells  and  is  not  seen  in  ATF4-deficeint  BMSCs.  Col- 


A 


1.6  n 


Fig.  6.  ATF4  siRNA  blocks  PTH  stimula¬ 
tion  of  Ocn  expression.  A  and  B,  MC-4  cells 
were  transiently  transfected  with  Atf4 
siRNA  (A)  or  negative  control  (Ctrl)  siRNA 
(B).  After  48  h,  total  RNA  was  prepared  for 
quantitative  real-time  RT-PCR  analyses 
for  Atf4  mRNA,  which  was  normalized  to 
Gapdh  mRNA.  C  and  D,  MC-4  cells  were 
transiently  transfected  with  40  nM  Atf4 
siRNA  or  negative  control  siRNAs.  After 
42  h,  cells  were  treated  with  and  without 
10  7  M  PTH  for  6  h  followed  by  RNA  prep¬ 
aration  and  quantitative  real-time  RT- 
PCR  analyses  for  Ocn  and  Col  1(1 )  mRNAs, 
which  were  normalized  to  the  Gapdh  mR¬ 
NAs.  *,  P  <  0.05  (Ctrl  us.  PTH);  #,  P  <  0.05 
(ctrl  siRNA  vs.  ATF4  siRNA).  Data  repre¬ 
sent  mean  ±  sd.  Experiments  were  re¬ 
peated  three  times,  and  qualitatively  iden¬ 
tical  results  were  obtained. 
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A  PCR  genotyping 


B  Atf4  mRNA 


Fig.  7.  PTH  stimulation  of  Ocn  expression  is  lost  in  Atf4~'~  BMSCs.  A,  PCR  genotyping  was  performed  on  tail  DNA  using  a  cocktail  of  three 
primers  (see  Materials  and  Methods ).  A  700-bp  DNA  PCR  product  is  amplified  from  Atf4~ '  ~  mouse  tail  DNA  and  a  900-bp  product  from  wild-type 
mice.  B-E,  Effects  of  ATF4  deficiency  on  PTH  stimulation  of  Atf4  (B),  Ocn  (C),  Opn  (D),  and  Pthlr  (E)  expression  in  BMSCs.  Primary  BMSCs 
were  seeded  at  a  density  of  50,000  cells/cm2  in  35-mm  dishes  and  cultured  in  10%  FBS  medium  overnight.  Cells  were  then  treated  with  10“ 7 
M  PTH  for  6  h  followed  by  RNA  preparation  and  quantitative  real-time  RT/PCR  for  Atf4  (B),  Ocn  (C),  Opn  (D),  and  Pthlr  (E)  mRNA,  which 
were  normalized  to  the  Gapdh  mRNAs.  *,  P  <  0.05  (ctrl  vs.  PTH);  #,  P  <  0.05  (wt  vs.  mt).  Data  represent  mean  ±  sd.  Experiments  were  repeated 
three  times,  and  qualitatively  identical  results  were  obtained. 


lectively,  this  study  establishes  that  ATF4  is  a  novel  down¬ 
stream  target  of  PTH  actions  in  osteoblasts. 

It  is  well  documented  that  PTH  signals  mainly  through  the 
PKA  pathway.  In  the  present  study,  we  show  that  PKA 
inhibition  completely  blocked  PTH  stimulation  of  ATF4  ac¬ 
tivity.  Furthermore,  activation  of  the  PKA  pathway  by  FSK 
dramatically  increased  ATF4  activity  in  the  absence  of  PTH. 
However,  when  combined  with  PTH,  the  effect  of  FSK  was 
not  additive.  These  results  strongly  suggest  that  PKA  is  the 
major  pathway  for  PTH  to  activate  ATF4  because  each  agent 
(i.e.  FSK  or  PTH)  maximally  stimulates  the  same  pathway, 
making  additional  ATF4  activation  impossible.  Inhibition  of 
the  PKC  pathway  also  resulted  in  a  significant  reduction  in 
PTH-induced  ATF4  activity  (data  not  shown),  but  PKC  ac¬ 
tivation  by  PMA  failed  to  activate  both  basal  or  PTH-induced 
ATF4  activity.  Thus,  PKC  is  partially  required  for  PTH  ac¬ 
tivation  of  ATF4.  Lastly,  inhibition  of  the  MAPK/ERK  path¬ 
way  led  to  partial  inhibition  of  the  PTH  stimulation.  These 
three  pathways  are  also  required  for  PTH  induction  of  both 
Ocn  mRNA  and  1.3-kb  mOG2  promoter  activity  as  previ¬ 
ously  described  (33),  further  supporting  our  hypothesis  that 
ATF4  mediates  PTH  induction  of  Ocn  gene  expression. 

A  recent  study  showed  that  ATF4  mediates  /3-adrenergic 
induction  of  Rankl  mRNA  expression  via  direct  binding  to 
the  upstream  OSE1  site  in  the  Rankl  promoter  in  osteoblasts 
(54).  However,  PTH  stimulation  of  Rankl  expression  was  not 
reduced  in  the  absence  of  ATF4,  suggesting  that  this  catabolic 
action  of  PTH  is  independent  of  this  transcription  factor. 


Phosphorylation  seems  to  be  critical  for  ATF4  to  elicit  its 
function  in  osteoblasts  and  bone.  A  PKA  phosphorylation 
site  (serine  254)  within  the  ATF4  molecule  was  recently 
shown  to  mediate  /3-adrenergic  induction  of  Rankl  mRNA 
expression  in  osteoblasts  (54).  In  addition,  ATF4  is  phos- 
phorylated  at  serine  251  by  ribosomal  kinase  2  (RSK2),  the  AQ:  G 
kinase  inactivated  in  Coffin-Lowry  syndrome,  an  X-linked 
mental  retardation  disorder  associated  with  skeletal  mani¬ 
festations  (29).  Because  RSK2  is  an  immediate  downstream 
target  of  MAPK/ERK  that  is  activated  by  PTH  signaling  (8, 

9),  PTH  may  in  part  activate  ATF4  via  the  MAPK/ERK/ 

RSK2  pathway.  It  remains  to  be  determined  whether  the  PKA 
and/ or  RSK2  phosphorylation  sites  are  involved  in  the  PTH 
activation  of  ATF4. 

One  of  the  major  downstream  factors  for  PTH  signaling  is 
CREB,  the  cAMP  response  element  binding  protein.  Actions 
of  CREB  are  mediated  through  cAMP  response  elements 
(CREs)  in  the  regulatory  regions  of  target  genes.  PTH  phos- 
phorylates  CREB  at  serine  133.  This  phosphorylation  event 
stimulates  the  binding  of  CREB  to  the  CRE  and  is  required 
for  CREB  to  activate  transcription  of  target  genes.  Through 
this  classical  pathway,  PTH  rapidly  induces  transcription  of 
immediate-early  response  genes  including  those  encoding 
activator  protein-1  family  members  such  as  c-Fos,  c-Jun, 

Fra-1,  Fra-2,  and  FosB  (10, 14, 15, 52,  55-57).  Although  CREB 
was  shown  to  binding  to  the  OSE1  site  (29),  overexpression 
of  CREB  was  unable  to  activate  OSE1 -dependent  transcrip¬ 
tion  activity  of  the  mOG2  promoter  in  vitro  (29),  suggesting 
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that  this  site  is  not  a  major  functional  site  for  CREB.  Fur¬ 
thermore,  the  OSE1  binding  activity  stimulated  by  PTH  was 
not  supershifted  by  an  anti-CREB  antibody.  Instead,  this 
complex  clearly  contains  ATF4  protein  (Fig.  4C).  Thus,  we 
were  unable  to  obtain  any  evidence  for  the  involvement  of 
CREB  in  the  PTH  response.  However,  our  results  do  not 
exclude  the  possibility  that  PTH /CREB  activates  Atf4  mRNA 
transcription  via  CREB  binding  to  potential  CRE  sites  in  the 
Atf4  promoter. 

PTH  induction  of  immediate-early  response  genes  occurs 
very  rapidly  (minutes  to  hours)  and  lasts  for  several  hours. 
This  PTH  response  is  usually  independent  upon  the  presence 
of  de  novo  protein  synthesis  but  requires  active  cellular  tran¬ 
scription.  The  time-course  experiments  in  the  present  study 
indicate  that  PTH  induction  of  Atf4  occurs  within  1  h  of  PTH 
addition  and  peaks  after  3-6  h.  Furthermore,  this  regulation 
depends  on  active  cellular  transcription  and  does  not  require 
de  novo  protein  synthesis.  Therefore,  ATF4  may  be  consid¬ 
ered  as  an  additional  PTH  early  response  gene. 

ATF4-deficeint  mice  as  well  as  humans  with  mutations  in 
RSK2,  an  ATF4  activating  kinase,  exhibit  striking  deficits  in 
bone  formation  and  osteoblast  activity.  Because  ATF4  is  re¬ 
quired  for  osteoblast  function  and  bone  formation  in  vivo, 
and  as  shown  herein,  ATF4  is  a  novel  downstream  target  of 
PTH  in  osteoblasts,  it  will  be  important  to  determine  whether 
ATF4  is  also  required  for  the  anabolic  actions  of  PTH  in  bone. 
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ATF4  (activating  transcription  factor  4)  is  an  osteoblast-en¬ 
riched  transcription  factor  that  regulates  terminal  osteoblast 
differentiation  and  bone  formation.  ATF4  knock-out  mice  have 
reduced  bone  mass  (severe  osteoporosis)  throughout  life.  Runx2 
(runt-related  transcription  factor  2)  is  a  runt  domain-contain¬ 
ing  transcription  factor  that  is  essential  for  bone  formation  dur¬ 
ing  embryogenesis  and  postnatal  life.  In  this  study,  we  identified 
general  transcription  factor  IIAy  (TFIIAy)  as  a  Runx2-interact- 
ing  factor  in  a  yeast  two-hybrid  screen.  Immunoprecipitation 
assays  confirmed  that  TFIIAy  interacts  with  Runx2  in  osteo¬ 
blasts  and  when  coexpressed  in  COS-7  cells  or  using  purified 
glutathione  S-transferase  fusion  proteins.  Chromatin  immuno¬ 
precipitation  assay  of  MC3T3-E1  (clone  MC-4)  preosteoblast 
cells  showed  that  in  intact  cells  TFIIAy  is  recruited  to  the  region 
of  the  osteocalcin  promoter  previously  shown  to  bind  Runx2  and 
ATF4.  A  small  region  of  Runx2  (amino  acids  258-286)  was 
found  to  be  required  for  TFIIAy  binding.  Although  TFIIAy 
interacts  with  Runx2,  it  does  not  activate  Runx2.  Instead, 
TFIIAy  binds  to  and  activates  ATF4.  Furthermore,  TFIIAy 
together  with  ATF4  and  Runx2  stimulates  osteocalcin  promoter 
activity  and  endogenous  mRNA  expression.  Small  interfering 
RNA  silencing  of  TFIIAy  markedly  reduces  levels  of  endoge¬ 
nous  ATF4  protein  and  Ocn  mRNA  in  osteoblastic  cells.  Over¬ 
expression  of  TFIIAy  increases  levels  of  ATF4  protein.  Finally, 
TFIIAy  significantly  prevents  ATF4  degradation.  This  study 
shows  that  a  general  transcription  factor,  TFIIAy,  facilitates 
osteoblast-specific  gene  expression  through  interactions  with 
two  important  bone  transcription  factors  ATF4  and  Runx2. 


Skeletal  integrity  requires  a  balance  between  bone-forming 
cells  (osteoblasts)  and  bone-resorbing  cells  or  osteoclasts. 
Imbalance  between  bone  formation  and  resorption  results  in 
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metabolic  bone  diseases  such  as  osteoporosis.  Multipotential 
mesenchymal  cells  proliferate  and  differentiate  into  osteoblasts 
that  synthesize  and  deposit  the  mineralizing  extracellular 
matrix  of  bone.  Osteoblast  activity  is  regulated  by  a  number  of 
growth  factors  and  hormones,  including  bone  morphogenetic 
proteins,  insulin-like  growth  factor  1,  basic  fibroblast  growth 
factor  2,  parathyroid  hormone,  tumor  necrosis  factor-n,  and 
extracellular  matrix  signals  (1-9).  Runx2  is  a  runt  domain-con¬ 
taining  transcription  factor  identified  as  a  transcriptional  acti¬ 
vator  of  osteoblast  differentiation  and  the  master  gene  for  bone 
development  in  vitro  and  in  vivo  (10-14).  Runx2  knock-out 
mice  die  at  birth  and  completely  lack  both  skeletal  ossification 
and  mature  osteoblasts  (10,  12).  Runx2  haplo-insufficiency 
causes  the  skeletal  disorder,  cleidocranial  dysplasia,  a  disease 
characterized  by  defective  endochondral  and  intramembra- 
nous  bone  formation.  Runx2  is  expressed  in  mesenchymal  con¬ 
densations  during  early  development  at  El  1.5  and  acts  as  an 
osteoblast  differentiation  factor  (13). 

ATF4  (activating  transcription  factor  4),  also  known  as 
CREB2  (cAMP-response  element-binding  protein  2)  (15)  and 
Tax-responsive  Enhancer  Element  B67  (TAXREB67)  (16),  is  a 
member  of  the  activating  transcription  factor  cAMP-response 
element-binding  protein  family  of  leucine  zipper  factors  that 
also  includes  cAMP-response  element-binding  protein,  cAMP- 
response  element  modulator  (CREM)2  ATF1,  ATF2,  ATF3,  and 
ATF4  (17-21).  These  proteins  bind  to  DNA  via  their  basic 
region  and  dimerize  via  their  leucine  domain  to  form  a  large 
variety  of  homodimers  and/or  heterodimers  that  allow  the  cell 
to  coordinate  signals  from  multiple  pathways  (17-21).  An  in 
vivo  role  for  ATF4  in  bone  development  was  established  using 
A  ^-deficient  mice  (22).  ATF4  is  required  for  expression  of 
osteocalcin  {Ocn)  and  bone  sialoprotein  {Bsp)  as  demonstrated 
by  a  dramatic  reduction  of  their  mRNAs  in  Atf4T'~  bone  (22). 
ATF4  activates  Ocn  transcription  through  direct  binding  to  the 
OSE1  site  of  the  mOG2  promoter.  In  addition,  ATF4  interacts 
with  Runx2  in  osteoblasts  or  when  coexpressed  in  COS-7  cells. 
ATF4  and  Runx2  cooperatively  regulate  Ocn  transcription 
through  interactions  with  OSE1  (osteoblast-specific  element  1) 


2  The  abbreviations  used  are:  CREM,  cAMP-response  element  modulator; 
TFIIAy,  transcription  factor  IIAy;  ChIP,  chromatin  immunoprecipitation; 
GST,  glutathione S- transferase;  WB,  Western  blot;  IP,  immunoprecipitation; 
FBS,  fetal  bovine  serum;  RT,  reverse  transcription;  siRNA,  small  interfering 
RNA;  aa,  amino  acids;  CHX,  cycloheximide;  VDR,  vitamin  D  receptor. 
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and  OSE2  (osteoblast-specific  element  2,  also  known  as  nuclear 
matrix  protein  2  or  NMP2-binding  site)  sites  in  the  promoter 
(23-25). 

One  of  the  most  striking  characteristics  of  ATF4  protein  is  its 
very  short  half-life  (30  -  60  min)  in  many  cell  types  (26).  ATF4  is 
rapidly  degraded  via  a  ubiquitin/proteasomal  pathway.  This 
degradation  requires  the  presence  of  the  serine  residue  219  in 
the  context  of  DSGXYXS  within  the  ATF4  molecule  and  its 
phosphorylation  by  an  unknown  kinase.  This  phosphorylation 
was  shown  to  be  required  for  subsequent  recognition  by  the 
SCF/3TrCP  and  degradation  by  the  26  S  proteasome  (27). 
Although  Atf4  mRNA  is  ubiquitously  expressed,  ATF4  protein 
preferentially  accumulates  in  osteoblasts  (28).  This  accumula¬ 
tion  is  explained  by  a  selective  reduction  of  proteasomal  degra¬ 
dation  in  osteoblasts.  Indeed,  inhibition  of  the  ubiquitin/pro¬ 
teasomal  pathway  by  MG  115,  which  blocks  the  N-terminal 
threonine  in  the  active  site  of  /3-subunit  of  26  S  proteasomal 
complex  (29,  30),  led  to  ATF4  accumulation  and  induced  Ocn 
mRNA  expression  in  non-osteoblastic  cells  (28).  These 
observations  suggest  that  modulation  of  ATF4  stability  con¬ 
stitutes  an  important  step  to  control  its  protein  level  and 
activity  and,  ultimately,  osteoblast-specific  gene  expression 
and  bone  formation. 

Transcription  factor  IIA  (TFIIA)  is  a  general  transcription 
factor  consisting  of  three  subunits  designated  TFIIAa,  TFIIA/3, 
and  TFIlAy  (31).  TFIIA  interacts  with  and  stabilizes  TFIID 
(also  known  as  TBP,  TATA  box-binding  protein)  to  DNA  and 
activates  transcription  (32,  33).  Although  TFIIA  was  classified 
as  a  general  transcription  factor  when  it  was  first  identified, 
more  and  more  evidence  shows  that  this  elusive  factor  may  play 
an  important  role  in  the  regulation  of  tissue-specific  gene 
expression  via  interactions  with  tissue-  or  cell  type-specific 
transcription  factors  (34-36). 

The  Ocn  promoter  has  been  the  major  paradigm  for  unrav¬ 
eling  the  mechanisms  mediating  osteoblast-specific  gene 
expression  and  defining  a  number  of  key  transcription  factors 
or  cofactors  (13,  14,  23-25,  37-41).  However,  very  few  studies 
have  focused  on  how  tissue-specific  transcription  factors  inter¬ 
face  with  general  transcriptional  initiation  factors  in  osteo¬ 
blasts.  In  this  study,  by  using  a  combination  of  a  yeast  two- 
hybrid  system  and  pulldown  assays  as  well  as  functional  assays, 
we  show  that  TFIlAy,  the  smallest  subunit  (12  kDa)  of  TFIIA 
(42),  interacts  with  both  Runx2  and  ATF4.  TFIlAy  delays  ATF4 
protein  degradation  and  increases  its  activity.  Together  with 
ATF4  and  Runx2,  TFIlAy  enhances  osteoblast-specific  Ocn 
gene  expression. 

EXPERIMENTAL  PROCEDURES 

Reagents— Tissue  culture  media  were  purchased  from 
Invitrogen  and  fetal  bovine  serum  from  HyClone  (Fogan,  UT). 
Other  reagents  were  obtained  from  the  following  sources:  anti¬ 
bodies  against  TFIIA-n,  TFIIA-y,  ATF4,  Runx2,  and  horserad¬ 
ish  peroxidase-conjugated  mouse  or  goat  IgG  from  Santa  Cruz 
Biotechnology  (Santa  Cruz,  CA),  mouse  monoclonal  antibody 
against  j3-actin  from  Sigma,  and  GST  antibody  from  Amersham 
Biosciences.  All  other  chemicals  were  of  analytical  grade. 

Cell  Cultures— Mouse  MC3T3-E1  subclone  4  (MC-4)  cells 
were  described  previously  (43,  44)  and  maintained  in  ascorbic 


acid-free  n-modified  Eagle’s  medium,  10%  fetal  bovine  serum 
(FBS),  and  1%  penicillin/streptomycin  and  were  not  used 
beyond  passage  15.  C2C12  myoblasts,  a  gift  from  Dr.  Daniel 
Goldman  (University  of  Michigan,  Ann  Arbor,  MI), 
C3H10T1/2  fibroblasts  (American  Type  Culture  Collection), 
and  3T3-F1  mouse  preadipocytes  (American  Type  Culture 
Collection)  were  maintained  in  Dulbecco’s  modified  Eagle’s 
medium,  10%  FBS.  F9  teratocarcinoma  cells  (American  Type 
Culture  Collection)  and  rat  ROS17/2.8  osteosarcoma  cells  (gift 
from  Dr.  Faurie  McCauley,  University  of  Michigan  School  of 
Dentistry)  were  grown  in  modified  Eagle’s  medium,  10%  FBS. 

Yeast  Two-hybrid  Analysis — A  yeast  pFexA  two-hybrid  sys¬ 
tem  (Clontech)  was  used  to  identify  proteins  that  bind  to  mouse 
Runx2.  A  cDNA  fragment  encoding  the  aa-263-351  region  of 
Runx2  was  subcloned  into  the  BamHI/XhoI  sites  of  pFexA,  cre¬ 
ating  an  in-frame  fusion  with  the  DNA  binding  domain  of  the 
LexA  gene  that  is  controlled  by  the  strong  yeast  ADH1  pro¬ 
moter.  The  resultant  plasmid  pFexA-Runx2  (aa  263-351)  was 
then  transformed  into  a  yeast  reporter  strain  (YM4271),  and  the 
transformed  cells  (1  X  109)  were  mated  for  24  h  with  cells  (2.5  X 
108)  of  a  pretransformed  two-hybrid  library  made  from  human 
brain  cDNA.  The  resultant  mating  mixture  was  spread  on  20  X 
10-cm  plates  to  select  for  expression  of  the  LEU2  and  lacZ 
reporter  genes.  Approximately  2  X  106  colonies  were  screened. 
Sixty  four  positive  colonies  were  isolated.  The  prey  plasmids 
were  extracted  from  the  positive  colonies  and  the  cDNA  inserts 
in  the  plasmids  were  amplified  by  PCR  and  sequenced.  Of  the 
64  positive  colonies,  5  are  the  full-length  TFIlAy  cDNAs,  and 
the  rest  contained  16  different  cDNAs. 

DNA  Constructs  and  Transfection— p657mOG2-luc,  p657m- 
OG20SElmt-luc,  p657m0G20SE2mt-luc,  p657mOG2- 
(OSE1  +  2)mt-luc,  p40SEl-luc,  p40SElmt-luc,  p60SE2-luc, 
p60SE2mt-luc,  pCMV/j3-galactosidase,  pCMV/ATF4,  pCM  V/ 
Runx2,  pCMV/FFAG-Runx2  and  its  deletion  mutants  (aa 
1-330,  aa  1-286,  and  aa-258),  GST-Runx2  and  GST-ATF4 
fusion  protein  expression  vectors  were  described  previously  (1, 
13,  23,  25,  45).  The  full-length  cDNA  of  human  TFIIA-y  was 
cloned  by  an  RT-PCR  strategy  using  total  RNA  from  human 
Saos2  osteoblastic  cells  as  a  template  and  specific  primers  (for¬ 
ward,  5'-ATG  GCA  TAT  CAG  TTA  TAC  AG  A  AA-3',  and 
reverse,  5'-TTC  TGT  AGT  ATT  GGA  GCC  AGT  A-3'). 
Digested  PCR  products  were  purified  and  subcloned  into  the 
Notl/BamHI  sites  of  the  pFFAG-5a  expression  vector  (Sigma). 
Addition  of  a  C-terminal  FFAG  sequence  into  the  TFIIA-y 
cDNA  facilitates  monitoring  of  expression  levels  and  immuno- 
precipitation  using  M2  antibody  (Sigma).  GST-TFIIAy  fusion 
protein  expression  plasmid  was  constructed  by  subcloning  the 
full-length  TFIlAy  cDNA  into  the  glutathione  S'- transferase 
gene  fusion  vector  pGEX-4T - 1  (Amersham  Biosciences)  in  cor¬ 
rect  reading  frame.  The  accuracy  of  DNA  sequences  was  veri¬ 
fied  by  automatic  sequencing.  The  size  of  expressed  proteins 
was  confirmed  by  Western  blot  analysis  using  specific  antibod¬ 
ies.  For  expression  and  functional  studies,  cells  were  plated  on 
35-mm  dishes  at  a  density  of  5  X  104  cells/cm2.  After  24  h,  cells 
were  transfected  with  the  indicated  plasmid  DNAs  (0.01  pig  of 
pRF-SV40,  0.25  pig  of  test  luciferase  reporter,  and  1.0  pig  of 
expression  plasmids  balanced  as  necessary  with  /3-galactosid- 
ase  expression  plasmid  such  that  the  total  DNA  was  constant) 
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and  Lipofectamine  2000  (Invitrogen)  according  to  manufactur¬ 
er's  instructions.  After  36  h,  whole  cell  extracts  were  prepared 
and  used  for  Western  blot  analysis  or  dual  luciferase  assay  using 
the  dual  luciferase  assay  kit  (Promega,  Madison,  WI)  on  a  Veri¬ 
tas™  microplate  luminometer  (Turner  Biosystem,  Inc., 
Sunnyvale,  CA).  Firefly  luciferase  activity  was  normalized  to 
Renilla  luciferase  activity  for  transfection  efficiency. 

RNA  Isolation  and  Reverse  Transcription  (RT) — Total  RNA 
was  isolated  using  TRIzol  reagent  (Invitrogen)  according  to  the 
manufacturers  protocol.  RT  was  performed  using  2  /xg  of  dena¬ 
tured  RNA  and  100  pmol  of  random  hexamers  (Applied  Bio¬ 
system,  Foster,  CA)  in  a  total  volume  of  25  /xl  containing  12.5 
units  of  MultiScribe  reverse  transcriptase  (Applied  Biosystem, 
Foster,  CA)  according  to  the  manufacturers  instructions. 

Regular  PCR — Regular  PCR  was  performed  on  a  2720  Ther¬ 
mal  Cycler  (Applied  Biosystem,  Foster,  CA),  using  2.5  pi  of  the 
cDNA  (equivalent  to  0.2  /xg  of  RNA)  and  AmpliTaq  DNA  po¬ 
lymerase  (Applied  Biosystems,  Foster  City,  CA)  in  a  25-pl  reac¬ 
tion  according  to  the  manufacturers  instructions.  The  DNA 
sequences  of  primers  used  for  PCR  were  as  follows:  mouse/rat 
TFIlAy,  5 '-AT  G  GCA  TAT  CAG  TTA  TAC  AG  A  AAT 
ACA-3'  (forward),  5'-GGT  ATT  TTT  ACC  ATC  ACA  GGC 
T-3' (reverse);  mouse/rat  Atf4,  5'-ATG  GCT  TGG  CCA  GTG 
CCT  CAG  A-3'  (forward),  5'-GCT  CTG  GAG  TGG  AAG  ACA 
GAA  C-3'  (reverse);  mouse / rat  Hprt,  5'-GTT  GAG  AGA  TCA 
TCT  CCA  CC-3'  (forward),  5'-AGC  GAT  GAT  GAA  CCA 
GGT  TA-3'  (reverse).  For  all  primers  the  amplification  was 
performed  as  follows:  initial  denaturation  at  95  °C  for  30s  fol¬ 
lowed  by  31  cycles  of  95  °C  for  15  s,  60  °C  for  30  s,  72  °C  for  30  s 
and  extension  at  72  °C  for  7  min.  The  amplified  PCR  products 
were  run  on  a  1.2%  agarose  gel  and  visualized  by  ethidium  bro¬ 
mide  staining. 

Quantitative  Real  Time  PCR — Quantitative  real  time  PCR 
was  performed  on  an  iCycler  (Bio-Rad)  using  a  SYBR®  Green 
PCR  core  kit  (Applied  Biosystem,  Foster,  CA)  and  cDNA  equiv¬ 
alent  to  10  ng  of  RNA  in  a  50-pl  reaction  according  to  the 
manufacturers  instructions.  The  DNA  sequences  of  primers 
used  for  real  time  PCR  were  as  follows:  mouse  Ocn ,  5 '-TAG 
TGA  ACA  GAC  TCC  GGC  GCT  A-3'  (forward),  5'-TGT  AGG 
CGG  TCT  TCA  AGC  CAT-3'  (reverse);  mouse  and  rat  18  S 
rRNA,  5'-CGT  CTG  CCC  TAT  CAA  CTT  TCG  ATG  GTA 
G-3'  (forward),  5'-GCC  TGC  TGC  CTT  CCT  TGG  ATG  T-3' 
(reverse);  mouse  and  rat  TFIlAy ,  5' -TGG  GGA  ACAGTC  TTC 
AAG  AGA  GCC  TT-3'  (forward);  5'-TTC  CTG  ACT  CTC 
TGA  GCC  AAT  GCT  G-3'  (reverse);  rat  Ocn ,  5' -TGG  TGA 
ATA  GAC  TCC  GGC  GCT  ACC  T-3'  (forward),  5' -CCT  GGA 
AGC  CAA  TGT  GGT  CCG-3'  (reverse);  rat&sp:  5' -GGC  TGG 
AGA  TGC  AGA  GGG  CAA  GGC-3'  (forward),  5' -TGG  TGC 
TGG  TGC  CGT  TGA  CGA  CCT-3'  (reverse);  rat  Opn}  5'-TGG 
TGA  ATA  GAC  TCC  GGC  GCT  ACC  T-3'  (forward),  5' -CCT 
GGA  AGC  CAA  TGT  GGT  CCG-3'  (reverse).  For  all  primers 
the  amplification  was  performed  as  follows:  initial  denaturation 
at  95  °C  for  10  min  followed  by  40  cycles  of  95  °C  for  15  s  and 
60  °C  for  60  s.  Melting  curve  analysis  was  used  to  confirm  the 
specificity  of  the  PCR  products.  Six  samples  were  run  for  each 
primer  set.  The  levels  of  mRNA  were  calculated  by  the  ACT 
method  (46).  Ocn ,  Bsp,  TFIlAy,  osteopontin  ( Opn ),  and  Atf4 
mRNAs  were  normalized  to  18  S  rRNA  mRNA. 


Western  Blot  Analysis— Cells  were  washed  with  cold  IX 
phosphate-buffered  saline  and  lysed  in  1 X  Passive  Buffer  (Pro¬ 
mega,  Madison,  WI)  at  room  temperature  for  20  min.  Lysates 
were  clarified  by  centrifugation  (20  min,  13,000  X  g,  4  °C). 
Protein  concentrations  were  determined  by  the  method 
developed  by  Bio-Rad.  Twenty  /xg  of  total  protein  were  frac¬ 
tionated  on  a  10%  SDS-polyacrylamide  gel  and  transferred 
onto  nitrocellulose  membranes  (Schleicher  &  Schuell).  The 
membrane  was  blocked  in  5%  nonfat  milk  in  Tris-buffered 
saline/Tween  20  (TBST)  buffer,  probed  with  antibodies 
against  TFIIA-y  (1:200),  TFIIA-n  (1:1000),  ATF4  (1:1000), 
Runx2  (1:1000),  Fra-1  (1:1000),  GST  (1:5000),  or  M2  (1:2000) 
followed  by  incubation  with  anti-goat-mouse  or  -rabbit  anti¬ 
bodies  conjugated  with  horseradish  peroxidase  (1:5000)  and 
visualized  using  an  enhanced  chemiluminescence  kit 
(Pierce).  Finally,  blots  were  stripped  two  times  in  buffer  con¬ 
taining  65  mM  Tris-Cl,  pH  6.8,  2%  SDS,  and  0.7%  (v/v) 
j3-mercaptoethanol  at  65  °C  for  15  min  and  re-probed  with 
/3-actin  antibody  (1:5000)  for  normalization. 

Immunoprecipitation—GST ,  GST-TFIIAy,  GST-ATF4,  and 
GST-Runx2  fusion  proteins  were  purified  using  the  Bulk  GST 
purification  module  kit  (Amersham  Biosciences)  according  the 
manufacturer's  instructions.  Whole  cell  extracts  (500  /xg), 
nuclear  extracts  (200  /xg),  or  GST  fusion  proteins  (1.0  /xg)  were 
pre-cleaned  twice  with  50  /xl  of  protein  A/G-agarose  beads 
(Stratagene,  La  Jolla,  CA)  for  30  min  followed  by  pelleting  of 
beads.  The  protein  A/G-agarose  beads  were  blocked  with  10 
/xg/ml  bovine  serum  albumin  in  1 X  phosphate-buffered  saline 
for  1  h  before  use  to  reduce  nonspecific  binding  of  proteins.  Five 
/xg  of  respective  antibody  was  added  and  incubated  for  2  h  at 
4  °C  with  gentle  rocking.  The  immune  complexes  were  col¬ 
lected  by  addition  of  30  /xl  of  protein  A/G-agarose  beads  and 
incubation  for  1  h  at  4  °C  followed  by  centrifugation.  Precipi¬ 
tates  were  washed  five  times  with  1 X  washing  buffer  (20  mM 
HEPES,  pH  7.6,  50  mM  KC1, 1  mM  dithiothreitol,  0.25%  Nonidet 
P-40,  5  mM  NaF,  1  mM  EGTA,  5  mM  MgCl2,  0.25  mM  phenyl- 
methylsulfonyl  fluoride),  and  the  immunoprecipitated  com¬ 
plexes  were  suspended  in  SDS  sample  buffer  and  analyzed  by 
SDS-PAGE  followed  by  Western  blot  analysis  using  the  indi¬ 
cated  antibodies. 

ChIP  Assays — ChIP  assays  were  performed  as  described  pre¬ 
viously  (41)  using  a  protocol  kindly  provided  by  Dr.  Dwight 
Towler  (Washington  University)  (47).  After  sonication,  the 
amount  of  chromatin  was  quantified  using  the  PicoGreen  dou¬ 
ble-stranded  DNA  quantitation  assay  (Molecular  Probes) 
according  to  the  manufacturer's  instructions.  The  equivalent  of 
10  /xg  of  DNA  was  used  as  starting  material  (input)  in  each  ChIP 
reaction  with  2  /xg  of  the  appropriate  antibody  (TFIlAy,  or  con¬ 
trol  rabbit  IgG).  Fractions  of  the  purified  ChIP  DNA  (5%)  or 
inputs  (0.02-  0.05%)  were  used  for  PCR  analysis.  The  reaction 
was  performed  with  AmpliTaq  Gold  DNA  polymerase  (Applied 
Biosystems)  for  35  cycles  of  60  s  at  95  °C,  90  s  at  58  °C,  and  120  s 
at  68  °C.  PCR  primer  pairs  were  generated  to  detect  DNA  seg¬ 
ments  located  near  the  Runx2-binding  site  at  —137/  — 131 
(primers  PI  and  P2),  ATF4-binding  site  at  —55/— 48  (primers 
P3  and  P4)  in  mouse  osteocalcin  gene  2  ( mOG2 )  proximal  pro¬ 
moter,  or  the  Runx2-binding  site  located  between  —370  and 
—42  in  the  proximal  mouse  Runx2  promoter  region  (primers 
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control  siRNA(low  GC,  catalog 
number  12935-200,  Invitrogen) 
using  Lipofectamine  2000  (Invitro¬ 
gen)  according  the  manufacturer's 
instruction.  After  36  h,  total  RNA 
was  harvested  for  quantitative  real 
time  RT-PCR  analysis  for  TFIlAy , 
Ocn ,  Bsp,  Opn  ( osteopontin ),  and 
Atf4  mRNAs.  A  second  set  of  mouse 
TFIlAy  siRNAs  (sense,  AUG  AC  A 
ACA  CUG  UGC  UAU  AUU;  anti- 
sense,  UAU  AGC  ACA  GUG  UUG 
UCA  UUU)  was  designed  in  the 
project  laboratory  and  used  to  con¬ 
firm  the  results  using  the  first  set  of 
TFIlAy  siRNA. 

Statistical  Analysis — Results  were 
expressed  as  means  ±  S.D.  Students'  t 
test  was  used  to  test  for  differences 
between  two  groups.  Differences  with 
a  p  <  0.05  was  considered  as  statisti¬ 
cally  significant. 
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FIGURE  1 .  Protein-protein  interactions  among  TFIlAy,  Runx2,  and  ATF4.  A,  whole  cell  extracts  from  COS-7 
cells  overexpressing  pFLAG-TFNAy,  pCMV-Runx2,  and  pCMV-ATF4  were  immunoprecipitated  {IP)  with  normal 
IgG  ( lane  7)  or  TFIlAy  antibody  {lane  2)  followed  by  Western  blot  {WB)  analysis  using  Runx2  or  ATF4  antibodies. 
In  reciprocal  IPs,  the  same  extracts  were  immunoprecipitated  with  normal  IgG  {lanes  3  and  5),  Runx2  antibody 
{lane  4),  or  ATF4  antibody  {lane  6)  followed  by  WB  using  M2  antibody.  B,  nuclear  extracts  from  ROS1 7/2.8  cells 
were  immunoprecipitated  with  normal  IgG  {lane  I)  or  TFIlAy  antibody  {lane  2)  followed  by  WB  using  Runx2, 
ATF4,  or  Fra-1  antibodies.  In  reciprocal  IPs,  the  same  extracts  were  immunoprecipitated  with  normal  IgG  {lanes 
3,  5  and  7),  Runx2  antibody  {lane  4),  ATF4  antibody  {lane  6),  or  Fra-1  antibody  {lane  8)  followed  by  WB  using 
TFIlAy  antibody.  C,  mixture  of  purified  GST-TFIlAy  and  GST-Runx2  was  immunoprecipitated  by  TFIlAy  antibody 
followed  by  WBfor  Runx2  {lane  1).  A  mixture  of  purified  GST-TFIlAyand  GST-ATF4was  immunoprecipitated  by 
TFIlAy  antibody  followed  by  WB  for  ATF4  {lane  2).  A  mixture  of  purified  GST  and  GST-Runx2  was  immunopre¬ 
cipitated  by  Runx2  antibody  followed  by  WB  for  GST  {lane  3).  A  mixture  of  purified  GST  and  GST-ATF4  was 
immunoprecipitated  by  ATF4  antibody  followed  by  WB  for  GST  {lane  4).  In  reciprocal  IPs,  a  mixture  of  purified 
GST-TFIlAyand  GST-Runx2  was  immunoprecipitated  by  normal  IgG  {lane 5)  or  Runx2  antibody  {lane 6)  followed 
by  WB  for  TFIlAy.  A  mixture  of  purified  GST-TFIlAy  and  GST-ATF4  was  immunoprecipitated  by  ATF4  antibody 
{lane  7)  followed  by  WB  for  TFIlAy.  D,  nuclear  extracts  from  ROS1 7/2.8  cells  were  mixed  with  equal  amount  of 
nuclear  extracts  from  COS-7  cells  overexpressing  FLAG-Runx2(wt),  FLAG-Runx2  (aa  1-330),  FLAG-Runx2  (aa 
1-286),  and  FLAG-Runx2  (aa  1-258),  and  immunoprecipitated  with  TFIlAy  antibody  followed  by  WBfor  Runx2 
(M2  antibody).  Experiments  were  repeated  2-3  times,  and  qualitatively  identical  results  were  obtained. 


P5  and  P6)  (48),  and  the  mOG2  gene  region  (  +  177/  +  311) 
(primers  P7  and  P8)  (see  Fig.  2 A  and  Table  1).  The  PCR  prod¬ 
ucts  were  separated  on  3%  agarose  gels  and  visualized  with 
ultraviolet  light.  All  ChIP  assays  were  repeated  at  least  three 
times. 

siRNA— ROS  17/2.8  osteoblast-like  cells,  which  contain  high 
levels  of  TFIlAy  protein,  were  transfected  with  mouse 
TFIlAy  siRNA  kit  (Santa  Cruz  Biotechnology)  or  negative 


RESULTS 

TFIlAy  Interacts  with  Runx2  and 
ATF4 — A  yeast  pLexA  two-hybrid 
system  (Clontech)  was  used  to  iden¬ 
tify  proteins  that  bind  to  mouse 
Runx2.  cDNA  fragments  encoding 
several  C-terminal  regions  of  Runx2 
were  subcloned  into  the  BamHI/ 
Xhol  sites  of  pLexA,  creating 
in-frame  fusions  with  the  DNA 
binding  domain  of  the  LexA  gene 
that  is  controlled  by  the  strong  yeast 
ADH1  promoter.  Preliminary  ex¬ 
periments  using  relatively  larger 
regions  of  Runx2  (aa  232-391,  aa 
232-428,  and  aa  232-517)  as  baits 
were  not  successful  because  of  their 
ability  to  autoactivate  the  lacZ 
reporter  gene  in  yeast.  In  contrast, 
by  using  the  aa  263-351  region  of 
Runx2  as  a  bait,  we  identified 
TFIlAy,  a  general  transcriptional 
factor  involved  in  the  initiation  step 
of  eukaryotic  transcription,  as  a 
Runx2-interacting  factor.  A  dia¬ 
gram  and  a  picture  of  a  positive  col¬ 
ony  are  shown  in  Fig.  SI. 

To  verify  the  TFIIAy-Runx2  interaction  identified  by  yeast 
two-hybrid  system,  we  conducted  pulldown  assays.  COS-7  cells 
were  transiently  transfected  with  expression  vectors  for  FLAG- 
TFIIAy,  Runx2,  and  ATF4  (a  recently  identified  Runx2-inter- 
acting  factor).  After  36  h,  whole  cell  extracts  were  prepared  for 
immunoprecipitation  (IP)  assay  using  a  TFIlAy  antibody  fol¬ 
lowed  by  Western  blot  analysis  for  Runx2  and  ATF4.  As  seen  in 
Fig.  1A  ( lane  2),  Runx2  protein  was  present  in  a  TFIlAy  anti- 
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FIGURE  2.  ChIP  analysis  of  TFIlAy  interaction  with  Runx2/ATF4  binding  sites-containing  chromatin  frag¬ 
ments  of  mOG2  promoter  in  MC-4  cells.  A,  schematic  representation  of  relevant  regions  of  the  mOG2  pro¬ 
moter,  mouse  Runx2  promoter,  and  mOG2  gene.  PI ,  P2,  P3,  P4,  P5,  P6,  P7,  and  P8  indicate  PCR  primers  used  to 
analyze  ChIP  DNAs.  The  positions  of  these  primers  and  the  size  of  the  fragments  they  amplify  are  indicated  at 
the  top  or  bottom  of  the  figure.  B,  MC-4  cells  were  seeded  at  a  density  of  50,000  cells/cm2  in  35-mm  dishes, 
cultured  in  10%  FBS  medium  overnight,  and  cross-linked  with  formaldehyde  for  ChIP  assays.  IPs  were  con¬ 
ducted  with  TFIlAy  antibody  {Ab)  or  normal  control  IgG.  PCR  products  were  run  on  3%  agarose  gel  and  stained 
with  ethidium  bromide.  Purified  input  chromatin  was  used  to  perform  parallel  PCRs  with  the  respective  primer 
pairs.  Experiments  were  repeated  three  times  with  similar  results. 


TABLE  1 

PCR  primers  used  in  ChIP  assay 

Oligonucleotide  name  Sequence 

PI  CCGCTCTCAGGGGCAGAC 

P2  AGGGGATGCTGCCAGGACTAAT 

P3  CACAGCATCCTTTGGGTTTGAC 

P4  TAT CGGC TACT CTGTGCTCTCTGA 

P5  GCTATA  ACCTTCTT  AATGCCAG 

P6  AGCACTATTACTGGAGAGACAGAATC 

P7  TAGTGAACAGACTCCGGCGCTA 

P8  TGTAGGCGGTCTTCA  AGCCAT 


body  immunoprecipitate.  Interestingly,  anti-TFIIAy  antibody 
also  immunoprecipitated  ATF4.  Reciprocal  IPs  showed  that 
both  Runx2  and  ATF4  antibodies  immunoprecipitated  the 
FLAG-tagged  TFIlAy  (Fig.  1A,  lanes  4  and  6).  To  determine 
whether  TFIlAy  can  interact  with  Runx2  and  ATF4  in  osteo¬ 
blasts,  nuclear  extracts  from  ROS  17/2.8  cells  that  express  high 
levels  of  Runx2,  ATF4,  and  TFIlAy  were  immunoprecipitated 
with  anti-TFIIAy  antibody  followed  by  Western  blot  analysis 
for  Runx2,  ATF4,  or  Fra-1  (a  member  of  API  family).  Results 
show  that  both  Runx2  and  ATF4  but  not  Fra-1  proteins  were 
present  in  anti-TFIIAy  immunoprecipitates  (Fig.  IB,  lane  2). 
Reciprocal  IPs  showed  that  antibodies  against  Runx2  or  ATF4 
but  not  Fra-1  immunoprecipitated  TFIlAy  in  ROS17/2.8  cells 
(Fig.  IB,  lanes  4,  6,  and  8).  Normal  control  IgG  failed  to  signif¬ 
icantly  pull  down  Runx2,  ATF4,  or  TFIlAy  in  either  COS-7  cells 
or  osteoblasts.  Taken  together,  these  studies  confirm  that 
TFIlAy  interacts  with  Runx2  and  ATF4  in  osteoblasts  or  when 
coexpressed  in  COS-7  cells. 

Although  Runx2  and  ATF4  interact  in  osteoblasts,  IP  assays 
using  purified  GST  fusion  proteins  failed  to  show  a  direct  phys¬ 


ical  interaction  between  ATF4  and 
Runx2  (25),  suggesting  that  acces¬ 
sory  factors  may  be  involved  in  their 
interactions.  To  determine  whether 
TFIlAy  can  directly  interact  with 
Runx2  or  ATF4  in  the  absence  of 
other  nuclear  proteins,  we  mixed 
GST  or  GST-TFIIAy  with  GST- 
ATF4  or  GST-Runx2  fusion  pro¬ 
teins  purified  from  Escherichia  coli, 
followed  by  IP  and  Western  blot 
analysis.  As  shown  in  Fig.  1C,  both 
GST-Runx2  and  GST-ATF4  pro¬ 
teins  mixed  with  GST-TFIIAy 
were  immunoprecipitated  by  anti- 
TFIIAy  antibody  ( lanes  1  and  2). 
Anti-Runx2  or  anti-ATF4  antibody 
was  unable  to  immunoprecipitate 
GST  protein  mixed  with  GST- 
Runx2  (Fig.  1C,  lane  3)  or  GST- 
ATF4  ( lane  4).  Reciprocal  IPs  show 
that  GST-TFIIAy  was  immunopre¬ 
cipitated  by  both  anti-Runx2  or 
anti-ATF4  antibodies  (Fig.  1C,  lanes 
6  and  7)  but  not  by  normal  control 
IgG  ( lane  5).  These  results  demon¬ 
strate  that  TFIlAy  directly  binds  to 
both  Runx2  and  ATF4. 

As  a  first  step  to  identify  the  TFIIAy-binding  domain,  FLAG- 
Runx2  deletion  mutant  expression  vectors  (wild  type  aa  1-528, 
aa  1-330,  aa  1-286,  and  aa  1-258)  were  transfected  into  COS-7 
cells  because  of  the  high  transfection  efficiency.  Nuclear 
extracts  were  prepared  36  h  later,  mixed  with  equal  amounts  of 
nuclear  extracts  of  ROS17/2.8  (which  contain  large  amounts  of 
endogenous  TFIlAy),  and  immunoprecipitated  using  anti- 
TFIIAy  antibody  followed  by  Western  blot  analysis  for  Runx2 
(M2  antibody).  As  shown  in  Fig.  ID,  deletion  of  Runx2  from  aa 
528  to  aa  286  did  not  reduce  TFIlAy  binding.  However,  further 
deletion  from  aa  286  to  aa  258  completely  abrogated  TFIIAy- 
Runx2  complex  formation.  These  data  clearly  demonstrate  the 
following:  (i)  endogenous  TFIlAy  can  interact  with  overex¬ 
pressed  FLAG-Runx2  proteins  in  vitro;  and  (ii)  the  aa  258  -286 
region  of  Runx2  is  required  for  TFIlAy  binding.  Interestingly, 
this  same  region  is  required  for  ATF4-Runx2  interactions  (25). 

To  determine  whether,  in  intact  cells,  TFIlAy  is  associated 
with  the  endogenous  osteocalcin  gene  2  ( mOG2 )  promoter 
region  that  has  been  shown  to  bind  Runx2  and  ATF4,  we  per¬ 
formed  the  chromatin  immunoprecipitation  (ChIP)  assay  using 
MC3T3-E1  (clone  MC-4)  preosteoblast  cells.  After  shearing, 
soluble  chromatin  was  immunoprecipitated  with  either  an  anti¬ 
body  against  TFIlAy  or  control  IgG.  The  positions  and 
sequences  of  primers  used  for  PCR  analysis  of  ChIP  DNAs  are 
shown  in  Fig.  2 A  and  Table  1.  As  shown  in  Fig.  2 B,  the  PCR 
bands  amplified  with  primers  P1/P2  and  P3/P4  and  corre¬ 
sponding  to  ChIP  DNAs  immunoprecipitated  with  TFIlAy 
antibody  revealed  that  TFIlAy  specifically  interacts  with  chro¬ 
matin  fragments  of  the  proximal  mOG2  promoter  that  contain 
Runx2-  or  ATF4-binding  sites.  Furthermore,  TFIlAy  antibody 


5546  JOURNAL  OF  BIOLOGICAL  CHEMISTRY 


VOLUME  283-  NUMBER  9*  FEBRUARY  29,  2008 


Downloaded  from  www.jbc.org  at  University  of  Pittsburgh  on  July  4,  2008 


The  Journal  of  Biological  Chemistry 


TFIlAy  Interacts  with  ATF4  and  Runx2 


H 


A:  10T1/2 


B:  10T1/2 


C:  I0T1/2 


3 

I 


□  TFIIA 
■  Rutix2 
*TFUA+Rum2 


0,4 


0.0 


pip 

0,5 

0,0 

-  _L  J  -J 

60SE2~luc 


60SH2m,L-lUii 


4GSEMue 


D:  10T1/2 


E:  10T1/2 

0.10 

0.08 

0.06 

0.04 


F:  10T1/2 


0.02 


40SEI  mi-luc 


-34/+ 13  mOG2-luc 


TFIIA  { jig) 


H:  COS- 


4QSEL-iuc 


40SE1  -luc 

FIGURE  3.  TFIlAy  increases  ATF4  but  not  Runx2  transcriptional  activity.  A  and  B,  10T1/2  cells  were  tran¬ 
siently  transfected  with  p60SE2-luc  {A)  or  p60SE2mt-luc  ( B )  and  pRL-SV40  (for  normalization)  and  expression 
plasmids  for  /3-galactosidase,  TFIlAy,  Runx2,  or  Runx2  plus  TFIlAy.  After  36  h,  cells  were  harvested  for  dual 
luciferase  assay.  Firefly  luciferase  was  normalized  to  Rotylenchulus  reniformis  luciferase  to  control  the  transfec¬ 
tion  efficiency  (*,  p  <  0.01  (/3-galactosidase  versus  Runx2  or  Runx2+TFIIAy).  C  and  D,  10T1/2  cells  were  tran¬ 
siently  transfected  with  p40SE2-luc  (C)  or  p40SE1  mt-luc  (D)  and  pRL-SV40  and  expression  plasmids  for  /3-ga- 
lactosidase,  TFIlAy,  ATF4,  or  ATF4  plus  TFIlAy.  *,  p  <  0.01  (/3-galactosidase  versus  ATF4  or  ATF4+TFIIAy);  #,  p  < 
0.01  (ATF4  versus  ATF4+TFIIAy).  E,  10T1/2  cells  were  transiently  transfected  with  -34/+ 13  mOG2-luc  and 
pRL-SV40  and  expression  plasmids  for  /3-galactosidase,  TFIlAy,  ATF4,  or  Runx2.  F,  dose-response  experiment, 
10T1/2  cells  were  transiently  transfected  with  p40SE1-luc  and  pRL-SV40  and  ATF4  expression  plasmid  and 
increasing  amounts  ofTFNAy  plasmid.  *,p  <  0.01  (/3-galactosidase  versus  TFIlAy).  G  and  H,  C2C1 2  (G)  and  COS-7 
cells  (H)  were  transiently  transfected  with  p40SE2-luc  and  pRL-SV40  and  expression  plasmids  for  /3-galacto- 
sidase,  TFIlAy,  ATF4,  or  ATF4  plus  TFIlAy.  *,  p  <  0.01  (/3-galactosidase  versus  ATF4  or  ATF4+TFIIAy).  Data 
represent  mean  ±  S.D.  Experiments  were  repeated  three  times  and  qualitatively  identical  results  were 
obtained.  Note  the  expanded  scale  for  the  mutant  reporters  ( B ,  D,  and  E)  because  of  low  basal  activity  to  enable 
visualization  of  any  potential  differences  as  a  consequence  of  cotransfection  with  the  expression  vectors  noted 
above. 


also  immunoprecipitated  a  Runx2-binding  site-containing 
chromatin  fragment  of  the  proximal  Runx2  promoter  (prim¬ 
ers  P5/P6).  In  contrast,  TFIlAy  antibody  failed  to  immuno- 
precipitate  a  chromatin  fragment  of  mOG2  gene  that  con¬ 
tains  no  Runx2-  or  ATF4-binding  sites  (primers  P7/P8). 
Taken  together,  these  data  show  that  TFIlAy  is  recruited  to 
a  chromatin  fragment  of  the  mOG2  promoter  that  was  pre¬ 
viously  demonstrated  to  be  bound  by  Runx2  and  ATF4  in 
osteoblasts  (13,  22). 


TFIlAy  Increases  ATF4  but  Not 
Runx2-dependent  Transcriptional 
Activity — To  determine  whether 
TFIIA  y  increases  Runx2-  and  ATF4- 
dependent  transcriptional  activity, 
we  measured  the  ability  of  TFIlAy 
to  stimulate  transcription  of 
p60SE2-luc,  a  reporter  plasmid 
containing  6  copies  of  the  Runx2- 
binding  element  OSE2  upstream  of 
a  minimal  34-bp  mOG2  promoter 
(13,  43,  49)  or  p40SEl-luc,  a 
reporter  plasmid  that  contains  four 
copies  of  OSE1  (a  specific  ATF4- 
binding  element)  upstream  of  a 
minimal  34-bp  mOG2  promoter 
(22,  25).  For  these  studies,  we  used 
C3H10T1/2  fibroblasts  because 
they  contain  undetectable  levels  of 
both  endogenous  Runx2  and  ATF4 
proteins  (28,  49).  As  shown  in  Fig. 
3 A,  as  expected,  Runx2  alone 
increased  OSE2  transcriptional 
activity  by  11 -fold.  This  stimulation 
was  abolished  in  the  60SE2mt-luc 
in  which  the  OSE2  core  sequence 
was  mutated  (25)  (Fig.  3  B). 
Although  we  have  shown  above  that 
TFIlAy  interacts  with  Runx2, 
TFIlAy  transfection  did  not  activate 
basal  or  Runx2-dependent  OSE2 
transcription  (Fig.  3 A).  As  shown  in 
Fig.  3 C,  ATF4  activated  OSE1  activ¬ 
ity  about  2-fold  ( p  <  0.01,  /3-galac¬ 
tosidase  versus  ATF4).  Although 
TFIlAy  alone  was  unable  to  activate 
OSE1  activity,  unexpectedly,  when 
coexpressed  with  ATF4,  it  dramati¬ 
cally  increased  OSE1  activity  5-fold 
above  ATF4  alone.  This  stimulation 
was  abolished  in  40SElmt-luc,  in 
which  the  OSE1  core  sequence  was 
mutated  from  TTACATCA  to 
TTAGTACA  in  the  reporter  plas¬ 
mid  (45)  (Fig.  3D).  Note:  TFIlAy, 
Runx2,  or  ATF4  failed  to  activate  a 
minimal  34-bp  mOG2  promoter 
that  contains  a  TATA  box  (23,  50) 
(Fig.  3 E).  Fig.  3D  shows  that  TFIlAy 
activated  ATF4  transcription  activity  in  a  dose-dependent 
manner  in  C3H10T1/2  cells.  TFIlAy  similarly  stimulated 
ATF4-directed  OSE1  activity  in  C2C12  myoblasts  (3-fold)  and 
COS-7  cells  (4.3-fold)  (Fig.  3,  G  and  H). 

TFIlAy  Expression  in  Different  Cell  Lines— The  levels  of 
TFIlAy  mRNAs  and  proteins  were  determined  in  different  cell 
lines  by  RT-PCR  and  Western  blot  analysis,  respectively.  As 
shown  in  Fig.  4,  Western  blot  analysis  shows  that  TFIlAy  pro¬ 
tein  was  expressed  at  high  levels  in  osteoblastic  cells  (MC-4 
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FIGURE  4.  TFIlAy  expression  in  different  cell  lines.  Total  RNAs  or  whole  cell 
extracts  were  prepared  from  MC-4,  ROS1 7/2.8, 1 0T1  /2,  LI ,  F9,  and  COS-7  cells 
and  used  for  RT-PCR  and  Western  blot  analysis  for  levels  of  TFIIAa  and  TFIlAy 
mRNAs  and  proteins.  Experiments  were  repeated  three  times  with  similar 
results. 


cells  and  ROS17/2.8),  C3H10T1/2  fibroblasts,  and  LI  preadipo- 
cytes.  In  contrast,  levels  of  TFIlAy  protein  were  undetectable  in 
F9  teratocarcinoma  cells  and  COS-7  (transformed  African 
green  monkey  kidney  fibroblasts).  Interestingly,  TFIlAy  mRNA 
was  ubiquitously  expressed  in  these  cell  lines.  In  addition, 
TFILAct  proteins  were  present  in  all  these  cell  lines  except  for 
ROS  17/2.8  cells,  which  contain  a  low  level  of  TFIIAa  protein. 

TFIlAy  Stimulation  of  Endogenous  Ocn  mRNA  Expression 
and  the  657-bp  mOG2  Promoter  Activity  Is  Dependent  upon  the 
Presence  of  A  TF4  and  Runx2— ATF4  is  an  osteoblast-enriched 
protein  that  is  required  for  late  osteoblast  differentiation  (i.e. 
Ocn  and  Bsp  mRNA  expression)  and  bone  formation  in  vivo . 
Our  recent  study  demonstrated  that  ATF4  activation  of  mOG2 
promoter  activity  and  Ocn  mRNA  expression  was  dependent 
upon  the  presence  of  Runx2  via  a  mechanism  involving  protein- 
protein  interactions  (25).  To  determine  the  effects  of  TFIlAy  on 
endogenous  Ocn  mRNA  expression,  C3H10T1/2  cells  were 
transiently  transfected  with  expression  vectors  for  /3-galacto- 
sidase,  TFIlAy,  ATF4,  Runx2,  ATF4/Runx2,  TFIIAy/Runx2, 
TFIlAy/ ATF4,  and  ATF4/Runx2/TFIIAy.  After  36  h,  cells  were 
harvested  for  RNA  preparation  and  quantitative  real  time  RT- 
PCR  detection  of  Ocn  mRNA.  As  shown  in  Fig.  5 A,  consistent 
with  its  role  as  a  master  gene  of  osteoblast  differentiation, 
Runx2  alone  increased  endogenous  Ocn  expression  by  3.3-fold 
(p  <  0.01;  /3-galactosidase  versus  Runx2).  TFIlAy  alone,  ATF4 
alone,  and  TFIlAy/ ATF4  were  all  not  sufficient  for  activation  of 
endogenous  Ocn  mRNA  expression.  TFIlAy  alone  did  not 
enhance  Runx2-dependent  Ocn  expression.  As  demonstrated 
previously  (25),  ATF4  dramatically  stimulated  Runx2-depend- 
ent  Ocn  mRNA  expression  by  10-fold  ( p  <  0.01,  Runx2  versus 
Runx2/ATF4).  Importantly,  TFIlAy  further  augmented  Ocn 
mRNA  expression  4.2-fold  in  the  presence  of  ATF4  and  Runx2 
(p  <  0.01,  ATF4/Runx2  versus  ATF4/Runx2/TFIIAy).  TFIlAy 
similarly  enhanced  ATF4/Runx2-dependent  657-bp  mOG2 
promoter  activity  in  C3H0T1/2  cells  (3.6-fold)  (Fig.  5 B)  (p  < 
0.01,  ATF4/Runx2  versus  ATF4/Runx2/TFIIAy).  This  stimula¬ 
tion  was  completely  abolished  by  point  mutations  in  the  OSE1 
and/or  OSE2  core  sequences. 


Silencing  of  TFIlAy  Markedly  Reduces  Levels  of  Endogenous 
Ocn  and  Bsp  mRNAs  and  ATF4  Protein  in  Osteoblasts— To 
determine  whether  TFIlAy  is  required  for  the  endogenous  Ocn 
mRNA  expression  in  osteoblasts,  we  knocked  down  the  endog¬ 
enous  TFIlAy  transcripts  by  siRNA.  ROS  17/2.8  osteoblast-like 
cells,  which  express  high  levels  of  TFIlAy  and  Ocn  and  Bsp 
mRNAs,  were  transiently  transfected  with  TFIlAy  siRNA  rea¬ 
gent  from  Santa  Cruz  Biotechnology  according  to  the  manufac- 
turers  instructions.  This  siRNA  is  a  pool  of  three  specific 
20  -25-nucleotide  siRNA  targeting  both  mouse  and  rat  TFIlAy . 
As  shown  in  Fig.  6 A,  quantitative  real  time  RT-PCR  analysis 
showed  that  levels  of  TFIlAy  mRNA  were  efficiently  reduced  by 
TFIlAy  siRNA  in  a  dose-dependent  manner.  The  level  of  Ocn 
mRNA  was  reduced  greater  than  50%  by  TFIlAy  siRNA  ( p  < 
0.01,  control  versus  TFIlAy  siRNA).  Interestingly,  Bsp  mRNA, 
another  ATF4  downstream  target  gene  (22),  was  also  reduced 
by  50%  ( p  <  0.01,  control  versus  TFIlAy  siRNA).  This  inhibition 
was  specific  because  levels  of  Opn  and  Atf4  mRNAs  were  not 
reduced  by  TFIlAy  siRNA.  In  contrast,  as  shown  in  Fig.  6 B, 
levels  of  all  these  mRNAs  were  not  reduced  by  the  negative 
control  siRNA  (Invitrogen).  Although  Atf4  mRNA  was  not 
altered  by  TFIlAy  siRNA,  the  level  of  endogenous  ATF4  protein 
was  significantly  reduced  by  silencing  TFIlAy  in  osteoblasts 
(Fig.  6C).  Similar  results  were  obtained  when  a  different  set  of 
TFIlAy  siRNA  was  used  (Fig.  S2). 

Overexpression  of  TFIlAy  Increases  the  Levels  of  ATF4 
Protein— The  above  studies  clearly  demonstrated  that 
TFIlAy  increased  ATF4-dependent  transcription  activity 
and  Ocn  gene  expression  probably  by  targeting  ATF4  pro¬ 
tein.  To  further  study  the  mechanism  of  this  regulation,  we 
determined  the  effect  of  TFIlAy  overexpression  on  the  levels 
of  ATF4  protein.  C3H10T1/2  cells,  which  express  undetect¬ 
able  level  of  endogenous  ATF4  protein  (28),  were  transiently 
transfected  with  1.0  pg  of  ATF4  expression  plasmid  and 
increasing  amounts  of  TFIlAy  expression  plasmid  (0,  0.5,  1, 
and  2  /xg).  After  36  h,  cells  were  harvested  for  Western  blot 
analysis.  As  shown  in  Fig.  7A,  overexpression  of  TFIlAy  in 
C3F110T1/2  cells  increased  the  levels  of  ATF4  protein  in  a 
dose-dependent  manner.  This  increase  in  ATF4  protein  was 
specific  because  levels  of  Runx2  were  not  altered  by  TFIlAy. 
TFIlAy  similarly  elevated  levels  of  ATF4  protein  in  COS-7 
cells  (Fig.  7B).  Next,  we  determined  if  TFIlAy  could  increase 
the  levels  of  endogenous  ATF4  proteins  in  osteoblasts. 
ROS17/2.8  cells  were  transiently  transfected  with  indicated 
amount  of  TFIlAy  expression  vector.  Western  blot  analysis 
shows  that  TFIlAy  dose-dependently  increased  levels  of 
endogenous  ATF4  protein  in  ROS17/2.8  cells  (Fig.  7C).  Sim¬ 
ilar  results  were  obtained  in  MC-4  cells  (Fig.  7D).  Interest¬ 
ingly,  overexpression  of  TFIlAy  did  not  increase  the  levels  of 
Atf4  mRNA  in  all  these  cells  examined  ( bottom ,  Fig.  7,  A-D ). 
Taken  collectively,  TFIlAy  markedly  increased  levels  of 
ATF4  proteins  in  osteoblasts  and  non-osteoblasts. 

TFIlAy  Increases  ATF4  Protein  Stability — Lassot  et  al.  (51) 
recently  showed  that  acetylase  p300  markedly  increased  the 
levels  of  ATF4  protein  and  ATF4-dependent  transcriptional 
activity  by  inhibiting  ATF4  protein  degradation  via  a  proteaso- 
mal  ubiquitin  pathway.  As  an  initial  step  to  determine  whether 
TFIlAy  alters  ATF4  protein  stability,  C3F110T1/2  cells  were 
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FIGURE  5.  TFIlAy  activates  endogenous  Ocn  gene  expression  and  0.657-kb  mOG2  promoter  activity  in 
the  presence  of  ATF4  and  Runx2.  A,  1 0T1  /2  cells  were  transfected  with  expression  plasmids  for  /3-galactosid- 
ase  ((3-gal),  TFIlAy,  ATF4,  Runx2,  Runx2/TFIIAy,  ATF4/TFIIAy,  ATF4/Runx2,  or  ATF4/TFIIAy/Runx2.  After  36  h,  the 
cells  were  harvested  for  RNA  isolation  and  quantitative  real  time  RT/PCR  analysis  for  Ocn  mRNA.  B,  1 0T1  /2  cells 
were  transfected  with  p657mOG2-luc  or  p657m0G20SE1  mt-luc  or  p657m0G20SE2mt-luc  or 
p657m0G20SE(1  +  2)mt-luc,  pRL-SV40,  and  expression  plasmids  for  jS-galactosidase,  TFIlAy,  ATF4,  Runx2, 
Runx2/TFIIAy,  ATF4/TFIIAy,  ATF4/Runx2,  or  ATF4/TFIIAy/Runx2.  After  36  h,  the  cells  were  harvested  for  dual 
luciferase  assay.  *,  p  <  0.01  (/3-galactosidase  versus  Runx2,  or  ATF4+Runx2  or  ATF4+Runx2+TFIIAy);  #,  p  < 
0.01  (ATF4+Runx2  versus  ATF4+Runx2+TFIIAy).  Data  represent  mean  ±  S.D.  Experiments  were  repeated  3-4 
times  and  qualitatively  identical  results  were  obtained. 


transiently  transfected  with  ATF4  expression  vector  in  the 
presence  of  /3-galactosidase,  TFIlAy,  or  Runx2  expression  vec¬ 
tors.  After  36  h,  cells  were  treated  with  50  jug/ml  of  protein 
synthesis  inhibitor  cycloheximide  (CHX)  (Le.  to  completely 
block  de  novo  protein  synthesis)  and  harvested  at  different  time 
points  of  CHX  addition  (0,  0.5, 1,  and  3  h)  followed  by  Western 
blot  analysis  for  ATF4  and  Runx2.  This  technique  has  been 
widely  used  to  study  protein  stability  (51).  As  shown  in  Fig. 
8 A,  in  the  absence  of  TFIlAy  overexpression,  ATF4  protein 
was  rapidly  degraded  and  almost  undetectable  on  Western 
blot  by  3  h  after  CHX  addition,  which  is  consistent  with  a 


previous  study  (51).  However, 
overexpression  of  TFIlAy  greatly 
delayed  the  degradation  process 
with  the  levels  of  ATF4  protein 
only  slightly  reduced  by  3  h  after 
CHX  addition.  In  contrast,  levels 
of  Runx2  protein  were  not  affected 
by  TFIlAy  (Fig.  8 B). 

DISCUSSION 

This  study  identifies  TFIlAy  as 
a  bridging  molecule  between 
Runx2,  ATF4,  and  the  transcrip¬ 
tion  machinery  in  osteoblasts. 
Although  Runx2  and  ATF4  inter¬ 
act  in  osteoblasts  or  when  coex¬ 
pressed  in  COS-7  cells,  IPs  using 
purified  GST  fusion  proteins  were 
unable  to  demonstrate  a  direct 
physical  interaction  between 
ATF4  and  Runx2  (25).  Thus, 
accessory  factors  are  likely  involved 
in  bridging  these  two  molecules. 
Several  lines  of  evidence  support 
that  TFIlAy  may  be  a  factor  link¬ 
ing  Runx2  and  ATF4.  (i)  TFIlAy 
forms  complexes  with  both  Runx2 
and  ATF4  in  osteoblasts  and  when 
coexpressed  in  COS-7  cells,  (ii) 
The  same  region  of  Runx2  (Le.  aa 
258-286)  is  required  for  both 
TFIIAy-Runx2  and  ATF4-Runx2 
interactions,  (iii)  Purified  GST- 
TFIIAy  fusion  protein  directly 
binds  to  both  purified  GST-Runx2 
and  GST-ATF4  fusion  proteins, 
(iv)  Overexpression  of  TFIlAy  in 
10T1/2  cells  dramatically  enhances 
endogenous  Ocn  gene  expression 
and  the  657-bp  mOG2  promoter 
activity  in  the  presence  of  ATF4 
and  Runx2.  (v)  siRNA  knockdown 
of  TFIlAy  mRNA  markedly 
reduces  osteoblast-specific  Ocn 
and  Bsp  expression. 

Accumulating  evidence  estab¬ 
lishes  that  ubiquitin-proteasome 
pathways  control  osteoblast  differentiation  and  bone  forma¬ 
tion.  For  example,  the  proteasome  inhibitors  epoxomicin  and 
proteasome  inhibitor- 1,  when  administered  systemically  to 
mice,  strongly  stimulated  bone  volume  and  bone  formation 
rates  by  greater  than  70%  after  only  5  days  of  treatment  (52). 
Although  the  mechanism  of  this  regulation  remains  unclear, 
critical  bone  transcription  factors  seem  to  be  targets  for  the 
ubiquitin-proteasomal  pathway.  Zhao  and  co-workers  (52,  53) 
recently  showed  that  Smurfl,  an  E3  ubiquitin-protein  isopep¬ 
tide  ligase,  accelerated  Runx2  ubiquitin-proteasomal  degrada¬ 
tion  and  inhibited  osteoblast  differentiation  and  bone  forma- 
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FIGURE  6.  TFIlAy  siRNA  blocks  endogenous  Ocn  mRNA  expression  in 
osteoblastic  cells.  ROS1 7/2.8  osteoblast-like  cells  were  transiently  trans¬ 
fected  with  TFIlAy  siRNA  ( A )  or  negative  control  [Ctrl)  siRNAs  ( B ).  After  36  h, 
total  RNA  or  whole  cell  extracts  were  prepared  for  quantitative  real  time  RT- 
PCR  analysis  for  TFIlAy,  Ocn,  Bsp,  Opn,  and  Atf4  mRNAs  which  were  normalized 
to  the  18  S  rRNA  mRNAs  or  Western  blot  analysis  for  ATF4,  TFIlAy,  and  /3-actin 
(C  and  D).  *,  p  <  0.01  (control  versus  siRNA).  Data  represent  mean  ±  S.D. 
Experiments  were  repeated  three  times  with  similar  results. 

tion  in  vitro  and  in  vivo .  Although  Atf4  mRNA  is  ubiquitously 
expressed,  in  most  cells  ATF4  proteins  are  rapidly  degraded  via 
the  ubiquitin-proteasome  pathway  with  a  half-life  of  30-60 
min.  However,  this  degradation  pathway  is  less  active  in  osteo¬ 
blasts,  thereby  allowing  ATF4  accumulation  (28).  Indeed,  inhi¬ 
bition  of  the  ubiquitin/proteasomal  pathway  by  MG  11 5,  which 
blocks  the  N-terminal  threonine  in  the  active  site  of  j3-subunit 
of  26  S  proteasomal  complex  (29,  30),  led  to  ATF4  accumula¬ 
tion  and  induced  Ocn  mRNA  expression  in  non-osteoblastic 
cells  (28).  Similarly,  silencing  of  j3 -TrCPl,  an  E3  ubiquitin-pro- 
tein  isopeptide  ligase  that  interacts  with  ATF4,  by  RNA  inter¬ 
ference,  resulted  in  ATF4  accumulation  and  increased  Ocn 
expression.  Thus,  ATF4  is  a  major  target  of  the  uquibitin-pro- 
teasome  pathway,  and  modulation  of  ATF4  stability  may  play  a 
critical  role  in  the  regulation  of  osteoblast-specific  gene  expres¬ 
sion.  Because  j3 -TrCPl  is  present  in  osteoblasts  (28),  other  fac¬ 
tors)  must  be  present  in  these  cells  to  protect  ATF4  from  the 
proteasomal  degradation  that  occurs  in  other  cell  types.  Exper¬ 
iments  from  this  study  show  that  overexpression  of  TFIlAy 
dose-dependently  increases  ATF4  protein  in  osteoblasts 
(ROS17/2.8  and  MC-4  cells)  and  non-osteoblasts  (C3H10T1/2 
and  COS-7  cells)  without  altering  Atf4  mRNA.  Experiments 
using  the  protein  synthesis  inhibitor  CHX  further  demonstrate 
that  TFIlAy  greatly  inhibits  ATF4  degradation.  TFIlAy  siRNA 
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decreases  ATF4  stability  in  osteoblasts.  Lassot  et  al.  (51) 
recently  found  that  ATF4  is  similarly  stabilized  by  cofactor 
p300,  a  histone  acetyltransferase.  p300  inhibits  ATF4  ubiquiti- 
nation  and  degradation  through  interaction  with  the  ATF4  N 
terminus.  Interestingly,  this  stabilization  does  not  require 
either  the  acetyltransferase  activity  of  p300  or  the  serine  residue 
219  in  the  context  of  DSGXXXS  within  ATF4  molecule  that  is 
known  to  be  required  for  ATF4  degradation  via  the  SCF^TrCP 
and  the  26  S  proteasome  (51). 

TFIlAy  stimulation  of  Ocn  gene  transcription  is  dependent 
on  the  presence  of  both  ATF4  and  Runx2.  As  a  master  regulator 
of  osteoblast  differentiation,  Runx2  alone  is  sufficient  to  acti¬ 
vate  expression  of  many  osteoblast-specific  genes,  including 
Ocn  and  Bsp ,  by  direct  binding  to  their  promoters  (13).  In  con¬ 
trast,  although  ATF4  directly  binds  to  the  OSE1  site  of  the 
mouse  Ocn  gene  and  activates  OSE1,  it  alone  is  not  sufficient  for 
activation  of  the  endogenous  Ocn  gene  or  the  657-bp  mOG2 
promoter  which  contains  sufficient  information  for  the  bone- 
specific  expression  of  Ocn  in  vivo  (54).  Instead,  ATF4  stimula¬ 
tion  of  Ocn  is  dependent  on  the  presence  of  Runx2  as  demon¬ 
strated  by  our  recent  study  (25).  ATF4  interacts  with  Runx2  and 
activates  Runx2-dependent  transcriptional  activity.  A  recent 
study  shows  that  SATB2,  a  nuclear  matrix  protein  that  directly 
interacts  with  both  ATF4  and  Runx2,  activates  osteoblast  dif¬ 
ferentiation  and  controls  craniofacial  patterning  in  vivo  (55). 
This  study  shows  that  although  TFIlAy  interacts  with 
Runx2,  it  does  not  directly  activate  Runx2.  Like  ATF4, 
TFIlAy  alone  is  not  sufficient  to  activate  transcription  from 
either  the  Ocn  gene  or  the  657-bp  mOG2  promoter.  In  fact, 
even  TFIlAy  and  ATF4  together  are  not  sufficient  for  Ocn 
gene  expression  without  the  presence  of  Runx2  (Fig.  5). 
However,  in  the  presence  of  both  ATF4  and  Runx2,  TFIlAy 
greatly  activates  Ocn  gene  expression. 

General  transcription  factors  were  originally  defined  as  such 
because  they  were  thought  to  be  universally  required  for  tran¬ 
scription.  In  eukaryotic  cells,  initiation  of  transcription  is  a 
complex  process,  which  requires  RNA  polymerase  II  and  many 
other  basal  transcription  factors  and/or  cofactors,  including 
TFIIA,  TFIIB,  TFIID  (TBP  or  TATA  box-binding  protein), 
TFIIE,  TFIIF,  and  TFIIH  (56  -59).  Binding  of  TBP  to  the  TATA 
box  is  the  first  step,  which  is  regulated  by  TFIIA.  TFIIA 
enhances  transcription  by  interacting  with  TBP  and  stabilizing 
its  binding  to  DNA  (32,  33).  More  and  more  evidence  shows 
that  general  transcription  factors  play  unique  roles  in  the  regu¬ 
lation  of  tissue-specific  gene  expression  under  physiological 
and  pathological  conditions.  For  example,  the  androgen  recep¬ 
tor  ,  via  its  N-terminal  AF1  domain,  interacts  with  basal  tran¬ 
scription  factors  TBP  and  TFIIF  and  activates  tissue-specific 
transcription  in  target  tissues  and  cells  (60).  Likewise,  TAFII17 
(a  component  of  the  TFIID  complex),  via  specific  protein-pro¬ 
tein  interactions  with  the  vitamin  D  receptor  (VDR),  increases 
osteoclast  formation  from  osteoclast  precursors  in  response  to 
1,25-dihydroxyvitamin  D3  in  patients  with  Paget  disease  (61). 
In  osteoblasts,  bone  transcription  factors  such  as  Runx2  and 
ATF4  directly  bind  to  specific  DNA  sequences  in  their  target 
gene  promoters  {i.e.  OSE2  or  NMP2  and  OSE1,  respectively) 
and  activate  osteoblast-specific  gene  expression,  osteoblast  dif¬ 
ferentiation,  and  bone  formation  (1, 10-14,  24,  43).  Obviously, 
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FIGURE  7.  TFIlAy  increases  the  levels  of  ATF4  protein.  C3H10T1/2  (A)  and  COS-7  ( B )  cells  were  transfected 
with  1  /xg  of  pCMV/ATF4  or  pCMV/Runx2  and  increasing  amounts  of  FLAG-TFIlAy  expression  vector  (0, 0.5  1 , 2 
/xg)  followed  by  Western  blotting  for  ATF4,  TFIlAy,  Runx2,  and  /3-actin  {top)  or  RNA  preparation  and  RT-PCR  for 
Atf4  and  Hprt  mRNA  [bottom).  ROS1 7/2.8  (Q  and  MC-4  (D)  cells  were  transfected  with  increasing  amounts  of 
FLAG-TFIlAy  expression  vector  (0, 0.5, 1 ,  and  2  pig).  Experiments  were  repeated  three  times  with  similar  results. 
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FIGURE  8.  TFIlAy  increases  ATF4  protein  stability.  C3H10T1/2  cells  were 
transfected  with  1.0  pig  ATF4  {A)  or  Runx2  (8)  expression  vector  with  and 
without  1 .0  pig  of  TFIIA  expression  vector.  After  36  h,  cells  were  treated  with 
50  pig/ml  of  protein  synthesis  inhibitor  cycloheximide  ( CHX)  and  harvested  at 
different  time  points  (0, 1,and  3  h)  followed  by  Western  blot  analysis  for  ATF4 
and  Runx2.  Experiments  were  repeated  three  times  with  similar  results. 


cooperative  interactions  between 
osteoblast-specific  transcription 
factors  and  basal  (general)  tran¬ 
scriptional  machinery  are  essential 
for  achieving  maximal  transcription 
of  osteoblast-specific  genes.  How¬ 
ever,  little  is  known  about  these 
interactions.  Experiments  from  this 
study  demonstrate  that  TFIlAy, 
which  is  expressed  at  high  level  in 
osteoblasts,  facilitates  osteoblast- 
specific  gene  expression  via  two 
mechanisms.  1)  TFIlAy  stabilizes 
ATF4  and  increases  the  levels  of 
ATF4  proteins.  The  increased  levels 
of  ATF4  further  activate  Runx2 
activity  and  Ocn  transcription  (25). 
2)  Through  its  ability  to  directly 
interact  with  both  ATF4  and  Runx2, 
TFIlAy  could  recruit  these  two  crit¬ 
ical  bone  transcription  factors  to  the 
basal  transcriptional  machinery  and 
greatly  enhance  osteoblast-specific 
gene  expression.  In  support  of  our 
observation,  Guo  and  Stein  (62) 
showed  that  Yin  Yang-1  (YY1)  reg¬ 
ulates  vitamin  D  enhancement  of 
Ocn  gene  transcription  by  interfer¬ 
ing  with  interactions  of  the  VDR  with  both  the  VDR  element 
and  TFIIB.  TFIIB  interacts  with  both  VDR  and  YY1  (63).  Like¬ 
wise,  Newberry  et  al.  (64)  showed  that  TFIIF  (RAP74  and 
RAP30)  mediates  Msx2  (a  homeobox  transcription  factor 
required  for  craniofacial  development)  inhibition  of  Ocn  pro¬ 
moter  activity.  Finally,  a  recent  study  showed  that  TFIIB  could 
directly  bind  to  the  transactivation  domain  of  Osterix,  another 
important  osteoblast  transcription  factor  (65). 

TFIIA  consists  of  three  subunits  designated  TFIIAo:,  TFIIAjS, 
and  TFIlAy.  TFIIAo:  and  TFIIAjS  are  produced  by  a  specific 
proteolytic  cleavage  of  the  oj3  polypeptide  that  is  encoded  by 
TFIIA-L  (31,  33).  TFIlAy  is  the  smallest  subunit  with  a  molec¬ 
ular  mass  of  12  kDa  (42).  Although  it  is  encoded  by  a  distinct 
gene  (TFIlAy),  TFIlAy  shares  a  high  degree  of  homology  with 
TFIIAo  and  TFIIAjS.  Interestingly,  TFIIAo  activates  testis-spe¬ 
cific  gene  expression  via  interactions  with  a  tissue-specific  part¬ 
ner,  ACT  (activator  of  CREM  in  testis)  and  CREM  (34).  Like¬ 
wise,  TFIIAo  enhances  human  T-cell  lymphotropic  virus  type  1 
gene  activation  through  interactions  with  the  Tax  protein,  a 
factor  associated  with  adult  enhances  human  T-cell  lympho¬ 
tropic  virus  type  1  (HTLV-1)  (35,  66).  It  remains  to  be  deter¬ 
mined  whether  TFIIAo  and  TFIIAjS  can  also  interact  with 
ATF4  and  Runx2  and  similarly  activate  osteoblast-specific  gene 
expression. 

It  should  be  noted  that  although  TFIlAy  belongs  to  the  fam¬ 
ily  of  general  transcription  factors,  its  expression  seems  to  show 
some  tissue  or  cell  specificity.  Osteoblastic  cells  (MC-4  cells 
and  ROS17/2.8),  C3H10T1/2  fibroblasts,  and  LI  preadipocytes 
express  high  levels  of  TFIlAy  proteins.  In  contrast,  the  levels  of 
TFIlAy  protein  were  undetectable  in  F9  teratocarcinoma  cells 
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FIGURE  9.  Role  of  TFIlAy  in  osteoblast-specific  Ocn  gene  expression.  In 

osteoblasts,  when  the  level  of  TFIlAy  is  high  {A),  ATF4  and  Runx2  are  recruited 
to  the  transcriptional  initiation  complex  of  the  mOG2  promoter  through 
direct  binding  to  TFIlAy,  which  in  complex  with  RNA  polymerase  II  and  many 
other  basal  transcription  factors  and/or  cofactors,  including  TFIIA,  TFIIB,  TBP 
(TFIID),  TFIIE,  TFIIF,  and  TFIIH,  leads  to  an  increase  in  transcription.  In  contrast, 
when  the  level  of  TFIlAy  is  low  (£),  ATF4  and  Runx2  are  not  recruited  to  the 
basal  transcriptional  machinery,  resulting  in  a  decrease  in  transcription.  Level 
of  TFIlAy  can  be  regulated  by  factors  to  be  defined. 


and  COS-7  on  Western  blots.  The  meaning  of  this  observation 
remains  unknown. 

These  findings  suggest  that  TFIlAy  is  a  critical  factor  regu¬ 
lating  ATF4  stability  and  functions  as  a  molecular  linker 
between  ATF4  and  Runx2  and  the  basal  transcriptional 
machinery.  TFIlAy  may  play  a  unique  role  in  the  regulation  of 
osteoblast-specific  gene  expression  and  ultimately  osteoblast 
differentiation  and  bone  formation.  A  working  model  is  pro¬ 
posed  in  Fig.  9,  which  summarizes  the  role  of  TFIlAy  in  osteo¬ 
blast-specific  mOG2  gene  expression.  Future  study  aimed  at 
identifying  factors  that  affect  levels  and  activity  of  TFIlAy  will 
allow  us  to  address  the  functional  significance  of  TFIlAy  in 
osteoblast  function  in  greater  detail. 
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Abstract:  Parathyroid  hormone  (PTH)  is  a  potent  stimulator  of  bone  formation  and  a  proven 
anabolic  agent  for  the  treatment  of  osteoporosis.  However,  the  mechanism  whereby  PTH  increases 
bone  formation  remains  poorly  understood.  Activating  transcription  factor  4  (ATF4)  is  a  critical 
factor  for  bone  formation  during  development  and  throughout  postnatal  life.  This  study  examined 
if  ATF4  is  required  for  the  anabolic  actions  of  PTH  on  bone  using  an  Atf4-/-  mouse  model.  Five- 
day-old  wt  and  Atf4-/-  mice  were  given  daily  subcutaneous  injections  of  vehicle  (saline)  or 
hPTH(l-34)  (0.04  Apg/g  body  weight)  for  28  days.  In  wt  mice,  ApCT  analyses  of  femurs  show 
that  this  PTH  regimen  significantly  increased  bone  volume/tissue  volume  (BV/TV,  4.3-fold), 
trabecular  thickness  (Tb.Th,  50%),  trabecualr  numbers  (Tb.N,  1.5 -fold),  cortical  thickness 
(Cort.Th,  77%),  and  cross  sectional  area  (CSA,  24%)  and  decreased  trabecular  spacing  (Tb.Sp, 
1.7-fold).  These  PTH  effects  were  dramatically  reduced  or  completely  abolished  in  the  absence  of 
ATF4.  Histological  analyses  show  that  PTH  displayed  potent  anabolic  effects  on  tibiae,  vertebrae, 
and  calvariae,  which  were  significantly  reduced  in  Atf4-/-  mice.  At  the  molecular  level,  PTH 
markedly  increased  levels  of  osteocalcin  (Ocn)  and  bone  sialoprotein  (Bsp)  mRNA  of  long  bones 
as  measured  by  quantitative  real-time  RT/PCR.  This  increase  was  completely  abolished  in  the 
absence  of  ATF4.  This  study  demonstrates  that  ATF4  is  required  for  the  anabolic  actions  of  PTH 
on  bone  in  vivo  and  also  suggested  that  modulation  of  the  levels  and  activity  of  ATF4  may  have 
therapeutic  significance  for  the  treatment  of  metabolic  bone  diseases  such  as  osteoporosis. 
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Abstract : 

Runx2,  a  member  of  the  runt  homology  domain  family  of  transcription  factors,  is  a  master 
regulator  of  osteoblast  function  and  bone  formation.  Mice  lacking  Runx2  have  no  mineralized 
skeleton  due  to  a  complete  lack  of  mature  osteoblasts.  The  expression  level  of  Runx2  protein  is 
regulated  by  a  number  of  factors  including  BMPs,  FGF-2,  IGF-1,  TNF-a,  TGF-|3,  and  PTH,  all  of 
which  play  important  roles  in  osteoblasts  and  bone  both  in  vitro  and  in  vivo.  In  addition,  the 
activity  of  Runx2  protein  is  positively  or  negatively  modulated  through  protein-protein 
interactions.  Activating  transcription  factor  4  (ATF4)  is  an  osteoblast-enriched  factor  which 
regulates  the  terminal  differentiation  and  function  of  osteoblasts.  ATF4  knock-out  mice  have 
reduced  bone  mass  and  bone  mineral  density  (severe  osteoporosis)  throughout  their  life.  To 
identify  proteins  interacting  with  Runx2,  we  used  a  yeast  two-hybrid  system  and  identified  TFIIA, 
a  general  transcriptional  factor,  as  a  Runx2 -interacting  factor.  While  pull-down  assays  confirmed 
that  TFIIA  physically  interacted  with  Runx2  when  both  factors  were  coexpressed  in  COS -7  cells, 
surprisingly,  it  did  not  activate  or  inhibit  Runx2 -dependent  transcriptional  activity.  In  contrast, 
TFIIA  unexpectedly  activated  ATF4,  which  we  recently  identified  as  a  Runx2 -interacting  protein, 
in  a  dose-dependent  manner.  Deletion  analysis  found  that  this  activation  required  the  presence  of 
the  C -terminal  15  amino  acid  residues  of  ATF4  molecule.  Finally,  TFIIA,  ATF4,  and  Runx2 
synergistically  stimulated  the  0.657-kb  mOG2  (mouse  osteocalcin  gene  2)  promoter  activity  and 
endogenous  osteocalcin  mRNA  expression.  In  summary,  this  study  demonstrates  a  novel 
mechanism  through  which  bone-specific  transcription  factors  and  general  transcription  factors 
cooperate  in  regulating  osteoblast-specific  gene  expression. 
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